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FOREWORD 


The  work  described  herein  was  performed  under  the  sponsorship  of  the 
National  Aeronautics  and  Space  Administration  under  contract  NAS  3-2543. 

The  purpose  was  to  determine  the  feasibility  of  applying  electromagnetic 
pumps  to  large  electric  power  plants  to  be  used  aboard  spacecraft.  Suitable 
pump  configurations  were  selected,  design  parameters  were  established,  and 
optimum  designs  were  recommended  for  the  specified  applications. 

This  final  report  covers  the  initial  phase  of  the  Electromagnetic 
Alkali  Metal  Research  Program,  extending  from  June  27,  1963  through  August  3 
1964. 
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include:  Electrical  Power  Equipment  Consultation,  J.  P.  Hanna,  Advanced 

Technology  Laboratories;  Power  Conditioning  Systems,  G.  Vaughn,  Space  Power 
and  Propulsion  Section;  Pump  Analysis  and  Design,  R.  G.  Rhudy,  Large 
Generator  and  Motor  Department;  Materials  and  Processes,  W.  G.  Hoehn, 

Space  Power  and  Propulsion  Section;  Reliability  Analysis,  G.  L.  Hilbrich, 

Space  Power  and  Propulsion  Section;  Power  Plant  Integration,  A.  Schnacke' 

Space  Power  and  Propulsion  Section. 

R.  T.  Wainwright  of  the  National  Aeronautics  and  Space  Administration 
was  the  technical  project  manager  for  this  research  study.  His  assistance 
and  guidance  are  gratefully  acknowledged. 

The  efforts  of  J.  P.  Couch  of  the  National  Aeronautics  and  Space 
Administration  in  reviewing  this  final  report  are  also  gratefully  acknowledged. 
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ABSTRACT 


//L- 


I/a  study  program  ,(|initiated  by  NASA ,  poselect  EM  pumps  for  six 
applications  in  spl?e  power  systam^y^ng  alkali  metal  coolants  and 
working  fluids,  is  describedj// A^p3n??tions  to  both  turboelectric  and 
thermionic  systems  are  considered  for  potassium,  lithium,  and  NaK  up  to 
2000  °F.  The  study  covers  flow  rates  to  3300  gpm  and  developed  heads 
to  100  psi.  Results  indicate  that  a  tenfold  improvement  over  the 
weights  of  conventional  EM  pumps  is  attainable. 


All  basic  pump  types,  plus  the  significant  variants  of  each,  are 
described  relative  to  operating  principles,  general  configurations, 
performance  features,  reliability,  and  advantages  and  disadvantages. 
Design  considerations  are  developed  mathematically  and  are  presented 
graphically . 


’||/Five  different  kinds  of  pumps  are  selected  for  detailed  study.  For 
these,  conceptual  designs,  calculations,  and  performance  prediction 
methods  are  presented.  Preliminary  designs  are  shown  for  pumps  satisfying 
the  six  specific  applications.  All  materials  selected  are  within  present 
technology  .j|  Pump  weights,  efficiencies,  and  other  power  plant  application 
data  are  “dlrfe^mined .  Also  considered  are  power  supply,  power  conditioning, 
and  heat  dissibation.  Other  conclusions  reached  during  the  study  are 
discussed.  \ 


IX 


NOMENCIATURE 


Letter  symbols  have  been  assigned^  insofar  as  practical,  in  accordance 
with  American  Standards.  Where  the  same  symbol  is  indicated  as  applying 
to  different  quantities,  precedence  has  usually  been  given  to  the  symbol 
assigned  in  American  Standard  ZIO. 5-1949, 

Letter  Symbols  for  Electrical  Quantities . 

Mathematical  symbols  for  trigonometric  and  hyperbolic  functions  and 
for  the  operations  of  calculus  are  in  general  accord  with  American 
Standard  ZlOf-1928,  Mathematical  Symbols, 

Subscripts,  principally  numeric,  which  are  not  enumerated  here  are 
defined  where  they  are  used  in  the  text. 

Units  are  not  indicated  in  the  nomenclature  as  the  relationships  ex¬ 
pressed  in  this  report  are  valid  in  any  consistent  system  of  units. 

Where  numerical  values  for  quantities  are  given  in  the  report,  the  units 
are  indicated. 

Roman  Letter  Symbols: 

a  height  of  fluid  in  duct 
A  sheet  current  density 
b  width  of  fluid  in  duct 
B  magnetic  induction 
c  length  of  duct 
C  constant  (as  defined) 
d  diameter 
D  hydraulic  diameter 
dg  depth  of  slot 

e  base  of  natural  logarithms,  2.718 - 

E  electric  field  intensity 
f  frequency 
F  force 

g  length  of  magnetic  gap,  gravitational  acceleration 
G  performance  parameter  (as  defined) 
h  number  of  velocity  heads 
H  magnetic  field  intensity 

i  instantaneous  linear  current  density 

I  current 

j  instantaneous  current  density 
J  current  density 
k  constant 

K  constants  (as  defined) 
winding  factor 
L  inductance,  length 


xi 


Roman  Letter  Symbols: 


m  number  of  phases 

M  magnetomotive  force 

N  number  of  turns 

Njj  Hartmann  number 

Nj^  Reynolds  number 

P  pressure 

PF  power  factor 

q  heat  flow 

Q  volume  flow  rate 

r  specific  resistance  (electrical) 

R  resistance  (electrical) 
s  slip 

t  thickness  of  duct  wall,  time 
T  temperature 
U  energy 

V  velocity  of  fluid 

V  voltage 

w  specific  power 
W,  KW  power 
Wq,  KWq  reactive  power 
X,  y,  z  rectangular  coordinate  axes 
X  reactance 

V  duct  parameter  (as  defined) 

Z  performance  parameter  (as  defined) 


Greek  Letter  Symbols: 


a 


, V  constants,  exponents  (as  defined) 

6  friction  factor 
rt  efficiency 

X  pole  pitch,  wavelength  2 
A  permeance 

^  magnetic  permeability,  fluid  viscosity 

n  constant,  3.141  - 

p  mass  density  of  fluid 
Pf  electrical  resistivity  of  fluid 
Pd  electrical  resistivity  of  duct  walls 
a  cavitation  number 

T  ratio  of  slot  width  to  slot  pitch 
0  instantaneous  magnetic  flux 
$  magnetic  flux 
(D  angular  frequency,  2nf 
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Subscripts: 


b 

B 

d 

f 

g 

i 

m 

o 

s 

t 

T 

w 

X,  y,  Z 
U 


body 

pertaining  to  magnetic  induction 
pertaining  to  duct  walls 
pertaining  to  fluid 
pertaining  to  magnetic  gap 
pertaining  to  input 
pertaining  to  magnetic  path 
pertaining  to  output 
synchronous 

pertaining  to  one  turn 
total 

pertaining  to  winding 
components  in  respective  axes 
viscous  or  pertaining  to  viscosity 


General : 

Re  [a)  the 
Im  \A}  the 
iA|  the 
A*  the 
A  the 


real  part  of  the  phasor  quantity  A 
imaginary  part  of  the  phasor  quantity  A 
magnitude  of  the  phasor  quantity  A 
complex  conjugate  of  the  phasor  quantity  A 
space  average  value  of  A 
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I .  SUMMARY 


The  Space  Power  and  Propulsion  Section  of  the  General  Electric  Company, 
under  contract  to  the  National  Aeronautics  and  Space  Administration,  has 
completed  the  initial  phase  of  a  research  program  to  study  the  applicability 
of  electromagnetic  pumps  to  space  electric  power  plants.  This  is  the 
final  report  for  that  initial  phase. 

Electromagnetic  pumping  provides  a  means  of  circulating  fluids  of  high 
electrical  conductivity  within  a  hermetically  sealed  system.  No  seals, 
bearings  or  moving  parts  are  required.  Since  the  power  systems  under 
consideration  utilize  molten  alkali  metals  as  working  fluids,  the  use 
of  electromagnetic  pumps  is  particularly  attractive. 

The  objectives  of  the  Electromagnetic  Alkali  Metal  Pump  Research 
Program  were  to  1)  determine  the  feasibility  of  using  electromagnetic  (EM) 
pumps  in  space  electric  power  plants,  2)  establish  the  basis  for  selecting 
pumps  for  specific  applications,  and  3)  develop  concepts  and  design  methods 
for  EM  pumps  applicable  to  space  power  plants.  Accomplishing  these 
objectives  required  broad  consideration  of  power  systems  integration  and 
over-all  requirements  of  electric  power  plants  for  spacecraft. 

The  study  program  began  with  a  literature  survey  which  identified  ten 
basic  pump  types.  Consideration  of  the  fundamental  characteristics  of  the 
ten,  with  reliability  as  a  primary  criterion,  reduced  to  three  the  pump 
types  worthy  of  more  detailed  study.  These  were  the  polyphase  induction 
pump,  the  single  phase  induction  pump  and  the  direct  current  conduction 
pump.  Analytical  design  procedures  and  performance  prediction  methods 
were  developed  in  the  detailed  study  of  the  three  selected  pump  types. 
Computer  programs  were  written  for  the  design  procedures  allowing  the 
examination  of  a  large  number  of  possible  designs  in  selecting  the  optimum 
for  each  application. 

In  the  final  selection  the  polyphase  induction  pumps  were  the  first 
choice  for  all  applications.  The  single  phase  induction  pump  was  an 
alternate  choice  for  the  highest  temperature  application.  The  dc  conduction 
pump  was  eliminated  at  this  final  step  primarily  because  of  lower  reliability. 

For  applications  requiring  high  developed  head  at  relatively  low  flow 
the  helical  induction  pump  was  chosen.  Where  high  flow  was  required  the 
annular  induction  pump  was  the  choice. 

Specific  weights  or  weight  criteria  were  determined  for  all  pumps 
reported  out  of  the  analytical  procedures.  Specific  weights  or  weight 
criteria  in  lb.  per  KW  hydraulic  power  output  were  determined  on  two  bases: 
for  the  pump  only  and  in  terms  of  overall  weight  contribution  to  the  power 
plant  including  all  auxiliaries  and  weight  penalties.  The  dc  conduction 
pumps  showed  the  lowest  weight  penalties.  The  dc  conduction  pumps  also 


showed  the  lowest  specific  weight  in  all  cases.  The  selected  polyphase 
induction  pumps  ranged  from  130  lb  /  kw  for  the  smallest  to  94  Ib/kw  for 
the  largest  on  the  basis  of  the  pump  alone.  The  corresponding  overall 
weight  criteria  were  290  Ib/kw  and  190  Ib/kw. 

Other  conclusions  of  particular  interest  reached  during  the  course 
of  the  study  program  were; 

1)  EM  pumps  for  space  power  application  with  specific  weights  l/lO 
that  of  conventional  EM  pumps  appear  to  be  readily  attainable  using 
presently  available  materials. 

2)  EM  pumps,  particularly  the  induction  type,  are  expected  to  exhibit 
excellent  cavitation  characteristics  because  the  pumping  action  is  the 
result  of  ’’body  forces”  generated  within  the  fluid  itself. 

3)  It  is  expected  that  flow  control  can  be  obtained  over  the  full  range 
of  flow  capability  with  no  tendency  to  stall  at  very  low  flow.  This  would 
be  particularly  valuable  in  startup  and  standby  operations.  Also,  the 
need  for  high  temperature  throttling  valves  for  flow  control  would  be 
eliminated. 
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II.  INTRODUCTION 


A.  History  of  Electromagnetic  Pumps 

Electromagnetic  pumps  have  moved  from  the  laboratory  to  the  power  plant 
within  the  last  fifteen  years.  The  basic  principle^  however^  is  precisely 
that  of  the  electric  motor  established  by  Michael  Faraday  in  the  early 
nineteenth  century.  The  precept  of  applying  force  to  a  fluid  conductor 
rather  than  a  solid  wire  by  the  interaction  of  a  magnetic  field  and  an 
electric  current  is  not  new.  Faraday  implied  this  application  in  his 
Bakerian  Lecture  of  January  12^  1832^  (Ref.  1). 

Apparently  little  practical  application  of  the  Faraday  idea  was  found 
until  F.  Holden  (Ref.  2)  used  it  in  a  watt-hour  meter.  Holden's  patent, 
dated  May  14,  1907,  describes  the  determination  of  electric  energy  flow 
by  measuring  the  quantity  of  mercury  moved  by  what  was  basically  an 
electromagnetic  pump.  About  this  same  time,  E.  F.  Northrup  (Ref.  3) 
presented  a  discussion  of  the  electromagnetic  pumping  forces  in  a  fluid 
conductor.  Still,  the  spur  of  practical  applications  was  missing  and 
little  activity  is  recorded  in  this  field  until  1919  when  a  British 
patent  was  issued  to  Hartmann  for  a  dc  conduction  EM  pump  (Ref.  4). 
Subsequently,  sporadic  traces  of  effort  can  be  found  from  approximately 
1920  to  1945  (Refs.  5  through  12).  Of  the^e,  Hartmann's  investigation 
of  the  effect  of  a  magnetic  field  on  the  viscosity  of  a  fluid  conductor 
is  particularly  pertinent  to  the  fundamentals  of  EM  pump  design. 

About  1945,  interest  developed  in  the  application  of  EM  pumps  for  the 
metallurgical  industry.  The  first  such  commercial  application,  devised  to 
pump  molten  aluminum  (Ref.  13),  was  effected  in  1948  by  Ajax  Engineering 
Company.  Here,  eliminating  the  impeller,  the  shaft,  and  the  seal  of 
mechanical  pumps  was  the  primary  objective.  Concurrently,  but  of  greater 
importance,  was  the  new  interest  in  EM  pumps  generated  by  the  coming 
nuclear  technology.  Again,  the  need  for  a  seal-less  pump  was  the 
overriding  consideration,  but,  in  this  case,  absolute  containment  of  the 
radioactive  molten  metal  working  fluids  was  the  problem.  Since  1945 
half  a  dozen  manufacturers  in  this  country  and  several  more  in  England 
have  produced  EM  pumps  on  a  commercial  or  experimental  basis.  Three 
domestic  manufacturers  recognized  active  in  the  field  today  are  Atomics 
International,  General  Electric  Company,  and  Mine  Safety  Appliances  Research 
Corporation. 

The  General  Electric  Company  became  active  in  EM  pump  work  about  1947. 

The  earliest  units,  produced  about  1948,  were  ac  conduction  pumps  intended 
for  laboratory  use.  Work  on  induction  pumps  also  started  in  1948  and  by 
1950,  a  400  gpm  helical  induction  unit  and  a  1200  gpm  flat  induction  unit 
had  been  produced  and  tested.  When  the  Submarine  Intermediate  Reactor  Project 
was  initiated  in  1948,  with  the  objective  of  producing  a  sodium  cooled  nuclear 
power  plant  for  submarines,  considerable  impetus  was  added  to  induction  pump 
development  work.  The  earlier  work  had  proved  sufficiently  encouraging  to 
warrant  a  greatly  accelerated  program.  Between  1953  and  1956,  seventeen 
large  flat  induction  pumps  were  produced  and  tested.  The  four  units  installed 
in  the  Seawolf  Submarine  were  rated  at  3300  gpm  developing  85  psi  pressure 
with  an  over-all  efficiency  of  43%. 
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Closely  following  the  Seawolf  units,  a  5000  gpm  pump  was  produced  in 
1956  for  the  sodium  cooled  Experimental  Breeder  Reactor  Program  at 
Argonne  National  Laboratory.  Then,  in  1959,  a  6500  gpm  unit,  also  a 
flat  induction  pump,  was  delivered  to  Argonne  to  be  used  at  the  National 
Reactor  Test  Station  in  Idaho.  During  the  1950-1960  decade,  considerable 
EM  pump  development  work  performed  in  England  culminated  in  the  delivery 
of  forty-eight  linear  induction  pumps  for  the  large  power  breeder 
reactor  at  Dounreay. 

About  1960  new  activity,  related  to  space  power  systems,  began  in  the 
field  of  alkali  metals  technology.  At  that  time  there  were  only  two  well 
established  producers  of  small  pumps  suited  to  laboratory  work.  Mine 
Safety  Appliances  Research  Corporation  has  for  many  years  offered  a  line 
of  ac  conduction  pumps  noted  for  good  versatility  at  low  cost.  Since 
1960  MSAR  has  added  dc  conduction  pumps  to  its  line  primarily  to  meet  the 
need  for  a  design  well  suited  to  high  vacuum  environment. 

The  other  producer  in  the  laboratory  EM  pump  field  was  Liquid  Metals 
Inc.  who  had  long  carried  a  line  of  rotating  magnet  EM  pumps  that  found 
favor  in  many  small  and  medium  size  alkali  metal  test  facilities. 

A  recent  arrival  to  the  EM  pump  business  is  Atomics  International 
who  now  produce  a  line  based  on  a  helical  rotor  moving  magnet  design.  The 
basic  design  is  adaptable  to  a  wide  range  of  flow  requirements.  Even  more 
recently  AI  has  added  thermoelec tromagne tic  pumps  to  their  line. 

The  General  Electric  Company  provides  a  line  of  induction  pumps  for 
alkali  metal  test  facilities'  applications.  Because  of  the  high  temperatures, 
relatively  high  pressures,  and  low  flows,  the  helical  induction  pump  was 
selected  for  these  applications.  Between  1960  and  1964  over  a  dozen  helical 
pumps  for  various  ratings  for  liquid  metal  temperatures  up  to  2200  were 
put  in  service,  some  of  which  were  designed  for  high  vacuum  environment. 

In  the  design  of  the  various  classes  of  induction  pumps,  it  is  interesting 
to  note  the  effect  of  differences  in  emphasis  on  the  various  design  criteria. 
In  the  shipboard  units,  mentioned  above,  reliability  and  efficiency  were 
emphasized.  Both  objectives  were  realized  in  the  43%  efficiency  attained 
and  the  successful  10,000-hour,  maintenance  free  operation.  Conversely, 
test  facility  units  are  usually  designed  for  reliability  and  low  cost. 

Here,  the  same  high  reliability  is  realized,  but  efficiency  is  usually 
ignored  in  favor  of  low  cost  materials  and  fabrication  processes. 

Consequently,  efficiencies  of  5%  or  lower  are  not  uncommon  in  test  facility 
pumps.  In  pumps  designed  for  space  applications,  reliability  and  weight 
become  prime  criteria.  As  indicated  in  the  examples  in  Table  1,  the  space 
design  obtains  a  much  lower  weight  than  the  conventional  EM  pumps  of 
comparable  size.  As  a  result  of  optimization  to  obtain  the  best  design 
balance  from  the  over-all  space  power  plant  standpoint,  efficiency  falls 
between  the  high  of  the  shipboard  types  and  the  low  of  the  facility  types. 
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TABLE  1.  SOME  INDUCTION  EM  PUMPS 
DESIGNED,  PRODUCED,  AND  OPERATED  BY  GENERAL  ELECTRIC 


Flow , 
gpm 

Press, , 
psi 

Temp. , 
°F 

Fluid 

Eff . 
% 

,  wt. , 
lbs 

Sp.  Wt. 
Ibs/kw 

, ^  Pump 

Type 

Service  and 
Delivery  Date 

400 

40 

500 

Na 

15 

1,000 

1,420 

Helical 

Induction 

Development  Test 
1948 

3 

75 

2200 

K 

1 

570 

5,800 

Helical 

Induction 

100  KW  Facility, 
G.E.,  Evendale 
1932 

200 

20 

1850 

K 

6 

1,500 

860 

Helical 

Induction 

300  KW  Facility, 
G.E. ,  Evendale 
1961 

15 

100 

1200 

K 

14 

105 

164*^ 

Helical 

Induction 

— 

3300 

85 

600 

Na 

43 

11,400 

93° 

Flat 

Induction 

SSN  Seawolf 

1956 

Specific  weight  on  the  basis  of  pump  weight  (lbs)/pump  hydraulic  output  (kw) . 

Based  on  preliminary  design  only  but  typical  of  the  study  results.  Listed  here 
for  comparison  purposes. 

As  a  general  rule,  larger  pumps  have  lower  specific  weights. 


B.  Need  for  EM  Pumps  in  Space  Power  Systems 


As  presently  conceived^  large  space  power  plants^  exceeding  100  kw  output^ 
must  operate  unattended  on  space  missions  of  two  years’  duration.  The  energy 
source  for  the  power  is  a  nuclear  reactor  cooled  by  alkali  metal  and  the  power 
cycles  are  based  on  alkali  metals  as  heat  transfer  and  working  fluids.  Because 
of  their  low  electrical  resistivities,  the  molten  alkali  metals  can  be  circulated 
readily  by  electromagnetic  pumping.  Numerous  advantages  are  foreseeable  in  such 
an  application: 

o  High  reliability  since  there  are  no  moving  parts. 

Q  The  ability  to  obtain  hermetically  sealed  systems. 

o  Smooth  flow  control  down  to  zero  flow. 

o  Eliminating  the  need  for  high  temperature  throttle  valves. 

0  Simplified  startup  and  standby  operations. 

o  Greater  freedom  of  choice  of  those  materials  contacting 
or  containing  the  pumped  fluid. 

As  cited  in  Table  1,  the  weight  of  conventional  EM  pumps  in  sizes  of 
interest  here  has  commonly  run  in  the  order  of  1000  Ib/kw  power  output. 

Similarly,  the  canned  motor  pumps  widely  used  in  nuclear  power  plants 
show  comparable  specific  weights.  This  merely  reflects  the  fact  that 
weight  per  se  is  of  minor  importance  in  a  land  based  power  plant.  Information 
in  subsequent  chapters  will  demonstrate  that  weight  improvement  by  an  order 
of  magnitude  can  be  obtained  in  EM  pumps. 


C.  The  Study  Program 

Until  recently,  the  use  of  EM  pumps  in  space  power  plants  employing 
liquid  metal  working  fluids  had  been  generally  considered  unacceptable  from 
a  weight  penalty  standpoint.  In  evaluating  the  reliability  problems 
associated  with  other  pumping  methods,  however,  it  appeared  that  a  larger 
weight  penalty  might  be  accepted  to  gain  the  high  reliability  attainable 
with  EM  pumps. 

To  appraise  thoroughly  the  use  of  EM  pumps  in  space  power  applications, 
NASA  established  the  present  program.  In  its  initial  phase,  the  program  was 
purely  analytical  and  comprised: 

m  An  evaluation  of  EM  pumps  suitable  for  space  power  systems. 

o  The  development  of  analytical  methods  to  predict  performance 
and  to  define  optimum  design. 
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0  The  development  of  analytical  methods  for  scaling  EM  pumps 
to  meet  future  requirements. 

o  Recommendations  on  the  selection  of  one  or  more  EM  pumps 
for  test. 

o  The  definition  of  an  EM  pump  test  program. 

Under  the  contract  stipulations,  evaluation^  selection^  and  analysis 
were  guided  by  six  particular  pump  applications.  The  design  objectives 
stated  for  the  selection  of  these  pumps  were  quite  specific  and  were  based 
on  the  best  estimates  from  existing  space  power  plant  studies  at  the  one 
megawatt  output  level.  The  pumps  were  intended  for  use  in  space  electric 
power  generating  systems  of  the  turboelectric  and  thermionic  types  using 
certain  alkali  metals  as  the  working  fluids.  The  energy  source  was  a 
nuclear  reactor;  the  heat  sink,  a  radiator  in  space.  The  design  objectives 
for  the  six  applications  are  summarized  in  Table  2.  Figure  1  locates  the 
pumps  schematically,  by  bold  outline,  in  their  respective  power  plants. 

Figure  l.a  is  based  on  a  typical  turbogenerator  space  power  plant 
(Ref.  14).  A  three-loop  system  is  presented  using  a  nuclear  reactor  as 
the  energy  source.  The  primary  coolant  pump,  although  indicated,  was  not 
a  part  of  the  study.  Reactor  heat,  transported  to  the  boiler  by  the 
primary  coolant,  vaporizes  potassium  to  drive  the  turbine-generator  unit, 
producing  2000  cycle  ac  power.  Spent  vapor  from  the  turbine  is  condensed 
and  the  liquid  is  recycled  by  a  boiler  feed  pump.  One  study  application 
was  a  boost  pump  to  increase  pressure  at  the  boiler  feed  pump  suction  to 
avoid  cavitation  problems.  From  the  condenser,  heat  is  rejected  to  space 
by  a  radiator  using  lithium  or  NaK  as  the  transport  fluid.  The  pumps  prescribed 
here  constituted  the  second  and  third  study  applications. 

Figure  l.b  is  a  schematic  of  a  thermionic  power  plant  (Ref.  14).  In  this 
case,  the  electric  power  is  generated  within  the  reactor  by  thermionic  elements 
heated  directly  by  the  nuclear  fuel.  Heat  is  rejected  from  the  thermionic 
elements  to  the  primary  coolant  lithium;  this  pump  was  the  fourth  study 
application.  Heat  is  transferred  from  primary  to  radiator  coolant  through 
a  heat  exchanger.  The  radiator  system  is  similar  to  the  turboelectric  plant 
counterpart  described  above  and  requires  lithium  or  NaK  pumps  for  which  the 
fifth  and  sixth  applications  are  included  in  the  study. 

The  schematics  shown  in  Figure  1  are  simplified  for  brevity  and  clarity. 
Details,  which  are  not  shown  but  which  were  considered  in  the  study  work, 
included : 

1)  Multiple  pumps.  All  applications,  except  the  primary  coolant 
pump,  required  multiple  parallel  systems  to  gain  reliability 
through  redundancy. 

2)  Auxiliary  cooling  systems. 
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3)  Power  conditioning  systems  to  provide  electricity  to  the 
pumps  in  a  suitable  form, 

4)  Shaft  power  at  the  turbine,  if  useful,  to  drive  the  EM 
pumps . 

5)  Thermoelectric  elements  as  a  power  source. 

As  a  further  guide  to  selection  and  design,  a  set  of  general  requirements 
were  specified. 

1)  Reliability:  The  major  design  consideration  is  reliability, 
i.e.,  the  EM  pump  configuration  shall  be  designed  for  two 
years  of  continuous,  maintenance-free  life. 

2)  Weight:  Consistent  with  other  requirements,  the  over-all 
pumping  system  weight  shall  be  as  low  as  possible. 

3)  Efficiency:  The  over-all  pumping  system  shall  be  designed 
for  the  optimum  efficiency  compatible  with  maximum 
reliability  and  low  weight. 

4)  Leakage:  External  leakage  of  the  working  fluid  from  the 
system  shall  be  zero, 

5)  Materials:  Applications  and  methods  of  fabrication  shall  be 
considered  in  the  design  and  be  within  present  state-of-the- 
art  . 
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III.  EM  PUMP  TECHNOLOGY 


A.  Survey  of  EM  Pump  Types 

A  rational  choice  of  those  EM  pump  configurations  best  suited  to  space 
power  applications  required  a  complete  appraisal  of  the  principal  features 
and  characteristics  oi  the  various  possible  types  and  configurations  of  EM 
pumps.  Accordingly,  the  intention  here  is  to  describe  and  illustrate  basic 
EM  pump  types  to  facilitate  visualizing  their  possible  variations  and  to 
indicate  their  principal  features  and  characteristics.  To  attain  compre¬ 
hensive  coverage  of  EM  pump  types,  the  accumulation  and  organization  of 
the  material  presented  entailed  the  following  steps: 

1)  The  available  literature  was  surveyed.  Section  VI, 

Bibliography , list s  the  most  important  sources  which 
were  consulted. 

2)  Principles  and  configurations  analogous  to  electromagnetic 
devices  in  advanced  stages  of  development,  principally 
motors  and  generators,  were  sought. 


1 .  Definition  and  Principle  of  Operation 

For  this  study,  the  term  EM  pump  is  applied  to  any  device  in  which  the 
body  force  on  a  conducting  fluid  results  from  the  interaction  between  an 
electric  current  and  a  magnetic  field  in  the  fluid  and  produces  a.  pressure 
rise  in  the  fluid  as  it  passes  from  the  inlet  to  the  outlet  of  the  device. 
This  body  force  is  completely  analogous  to  the  familiar  force  on  a  current 
carrying  conductor  in  a  magnetic  field,  i.e.,  the  operating  principle  of 
dc  motors,  induction  motors,  and  many  other  common  electromagnetic  devices. 

Quantitatively,  assuming  an  electric  current  and  a  magnetic  field  in  a 
fluid,  the  pressure  gradient  is  proportional  to  the  product  of  the  magnetic 
field  strength  and  the  component  of  current  density  perpendicular  to  the 
magnetic  field  strength.  The  pressure  gradient  is  a  maximum  in  the  direction 
mutually  orthogonal  to  field  strength  and  current  density.  Thus,  in  the 
elementary  duct  section  of  the  sketch  below,  assuming 


dP  =  j  B  dz 
z  y 
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where  jx  current  density  and  flux  density  in  the  axes  indicated 

by  the  subscripts;  dz  is  an  incremental  length  in  the  z  axis;  dPz  is  the 
incremental  pressure  rise  imparted  to  the  fluid  over  the  distance  dz. 


Elementary  Duct  Section. 


The  pressure  rise  developed  by  an  EM  pump  is  the  integral  of  equation  1 
over  the  axial  length  of  flow  passages  of  the  pump.  The  total  flow  is  the 
surface  integral  of  the  fluid  velocity  over  the  cross  section  of  the  pump 
duct.  In  most  EM  pump  configurations,  the  local  fluid  velocity  in  the  pump 
duct  is  directly  proportional  to  the  pump  flow.  In  one  exception,  which 
has  been  called  a  centrifugal  EM  pump,  the  electromagnetic  body  force  is 
used  to  accelerate  the  fluid  to  a  high  velocity  in  a  closed  path  (as  in  a 
cylinder  or  disc),  and  a  pressure  increase  is  obtained  by  centrifugal 
force  (as  in  a  mechanical  centrifugal  pump) .  A  second  exception  will  be 
cited  later  in  this  section. 

Because  the  method  by  which  an  electric  current  is  established  in  the 
fluid  provides  a  convenient  classification  system,  EM  pumps  may  be  classified 
as  either  conduction  or  induction  pumps.  In  conduction  pumps,  the  current 
in  the  fluid  is  supplied  from  an  external  source  and  is  conducted  into  the 
fluid  by  electrodes.  In  induction  pumps^  the  current  flows  in  the  fluid  because 
of  voltages  induced  in  the  fluid  by  a  time  varying  or  moving  magnetic  field. 

In  addition  to  current  in  the  fluid,  a  magnetic  field  perpendicular  to 
the  direction  of  current  flow  is  essential  for  electromagnetic  pumping.  The 
method  by  which  the  magnetic  field  is  established  in  the  fluid,  therefore, 
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affords  a  convenient  subclassification  system.  For  example^  the  field  may 
be  established  by  static  or  moving  permanent  magnets^  by  static  or  moving 
electromagnets  excited  by  direct  current^  by  electromagnets  energized  by 
single  phase  alternating  current,  or  by  distributed  windings  energized  by 
polyphase  alternating  current, 

A  further  subclassification  is  based  on  the  duct  shape  and  the  geometric 
path  followed  by  the  fluid  in  traversing  the  duct.  Several  different 
configurations  have  been  developed  for  various  purposes  in  electromechanical 
devices;  analogous  configurations  may  also  be  employed  in  EM  pumps. 

Examples  are  the  familiar  cylindrical  rotor  used  in  most  dc  and  induction 
motors,  the  rotating  disc  used  in  axial  gap  induction  motors,  and  the 
linearly  moving  slab  used  in  electromagnetic  catapults.  In  comparison 
with  electromechanical  devices,  the  absence  of  a  fixed  shape  of  the  fluid 
in  EM  pumps  provides  an  additional  degree  of  freedom. 


2 .  Duct  Shapes 


A  consideration  of  the  basic  duct  shapes  which  are  adaptable  to  electro¬ 
magnetic  pumping  of  conducting  fluids  is  pertinent.  The  fundamental 
requirements  are  that  the  duct  contain  the  fluid  and  that  a  magnetic  field 
and  an  electric  current,  with  mutually  perpendicular  components,  be 
established  in  the  fluid.  In  the  following  discussion,  a  duct  with  a 
rectangular  cross  section  is  taken  as  the  elementary  duct,  and  the  various 
duct  shapes  are  generated  from  it. 

This  duct,  illustrated  in  Figure  2,  is  straight  and  of 
rectangular  cross  section.  As  indicated  earlier,  a  fluid  in  such  a  duct 
experiences  a  force  in  the  z  axis  when  mutually  perpendicular  components 
of  flux  density  and  current  density  are  established  in  the  x-y  plane. 

Thus,  By  and  (and  and  jy)  will  produce  a  force  on  the  fluid  in  the 
z  direction.  In  practice,  both  pump  design  and  power  supply  considerations 
make  it  preferable  to  minimize  the  exciting  magnetomotive  force  (m.m.f.) 
and  current. 

Figure  2  shows  clearly  that,  for  b>a,  the  combination  of  By  and 
requires  both  lower  exciting  m.m.f.  and  fluid  current  than  the  combination 
of  Bx  and  jy,  for  the  same  values  of  flux  density  and  of  current  density. 

Then,  for  By  and  j^,  only,  and  for  fluid  velocity  Vz,  the  developed  pressure 
P^,  is 


P 

z 


B  j  c 
y  X 


2 


Q  =  v  ab 
z 


3 
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where  P  and  Q  are  pressure  developed  and  flow  rate,  respectively, 
for  the  elementary  pump.  With  the  limitations  imposed  on  the  maximum 
values  of  By,  j^,  and  v^  by  material  pi’operties,  cooling  considerations, 
and  hydraulic  losses,  it  is  apparent  that  pumps  developing  relatively  high 
pressure  require  relatively  long  pumping  sections  (large  c) ;  whereas  pumps 
handling  relatively  high  flows  require  relatively  large  cross-sectional 
areas  a  b  .  Compared  with  duct  shapes  to  be  described  later,  in  reasonably 
well  proportioned  designs,  the  flat  duct  is  best  suited  for  low  to  moderate 
developed  pressure  and  for  moderate  to  high  flow. 

b.  Annular.  The  elementary  duct  of  rectangular  cross  section  can  be 
reshaped  to  form  three  basic  annular  configurations,  which  may  be  designated 
axial  flow,  tangential  flow,  and  helical  flow. 

1.  Axial  Flow.  The  axial  flow  annular  duct  results  from  bending  the 
rectangular  duct  in  Figure  2  about  the  z  axis  to  form  an  annulus.  Figure  3 
illustrates  this  duct  configuration.  Effective  use  of  the  configuration 
requires  a  radial  component  of  flux  density  and  a  circumferential  component 
of  current  density  in  the  fluid,  which  produce  a  pressure  rise  along  the 

z  axis.  A  circumferential  component  of  flux  density  and  a  radial  component 
of  current  density  also  produce  such  a  pressure  rise,  but  this  combination 
is  not  readily  achieved.  This  duct  shape  is  best  suited  to  low  to  moderate 
developed  pressure  and  moderate  to  high  flow. 

2.  Tangential  Flow.  The  tangential  flow  annular  configuration  results 
when  the  rectangular  duct  in  Figure  2  is  bent  around  the  x  axis  to  form 
the  duct  shape  as  illustrated  in  Figure  4.  A  radial  component  of  flux 
density  and  an  axial  component  of  current  density  in  the  fluid  interact 

to  produce  a  pressure  rise  in  the  fluid  passing  through  the  duct.  In 
reasonable  proportions,  this  duct  shape  is  best  suited  for  moderate  pressure 
and  moderate  flow. 

3.  Helical  Flow.  The  helical  flow  annular  duct  configuration  is 
formed  by  bending  the  rectangular  duct  in  Figure  2  around  the  x  axis 
into  a  helix  with  closely  spaced  turns.  Figure  5  illustrates  such  a 
duct.  Again,  a  radial  component  of  flux  density  and  an  axial  component 
of  current  density  interact  to  produce  a  tangential  force  on  the  fluid. 

The  helical  passages  direct  the  flow  so  that  it  proceeds  axially  along 
the  duct  through  the  helical  passages.  This  duct  shape  affords  great 
freedom  of  design  because  the  pitch  of  the  helix  and  the  number  of 
parallel  helical  passages  may  be  varied  over  a  wide  range.  Also,  helical 
passages  may  be  used  in  concentric  annuli  with  one  set  of  passages  having 

a  right  hand  thread  and  the  other,  a  left  hand  thread.  In  this  arrangement, 
fluid  entry  and  exit  are  at  the  same  end  of  the  duct  with  one  annulus 
connected  to  the  other  at  the  opposite  end.  The  helical  flow  annular  duct 
is  best  suited  to  low  flow,  high  pressure  applications. 

c.  Disc.  Disc  configurations  analogous  to  each  of  the  annular  config- 
urations  exist  and  may  also  be  generated  from  the  flat  duct  of  rectangular 
cross  section. 
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1.  Radial  Flow.  The  radial  flow  disc  configuration  may  be  derived 
from  the  flat  configuration  by  maintaining  the  b  dimension  of  one  end 
of  the  flat  duct  while  expanding  the  b  dimension  at  the  other  end  in  a 
circle  in  the  x-z  plane  until  it  closes  on  itself.  The  disc  shown  in 
Figure  6  is  formed.  Flow  in  this  configuration  is  radial  with  fluid  entry 
and  exit  at  inner  and  outer  peripheries,  respectively,  or  vice  versa.  The 
flux  density  is  normally  in  the  x  axis.  The  usual  application  of  the 
electromagnetic  pumping  principle  would  use  circumferential  current 
density  in  the  y-z  plane.  In  the  centrifugal  EM  pump,  however,  the 
current  density  in  the  fluid  is  radial,  interacting  with  to  produce 
a  circumferential  body  force  on  the  fluids.  The  fluid  is  thus  accelerated 
to  a  relatively  high  tangential  speed.  A  pressure  rise  is  developed  by 
centrifugal  force  between  the  ’’eye”  of  the  duct  and  the  outside  diameter. 
Using  a  suitable  diffuser  at  the  outer  periphery  of  the  duct  permits 
converting  some  of  the  velocity  head  of  the  fluid  at  the  periphery  into 
static  pressure  as  it  leaves  the  duct.  This  type  duct  is  best  suited  to 
low  pressure  and  low  to  moderate  flow. 

2-  Tangential  Flow.  The  tangential  flow  disc  configuration  results 
when  the  rectangular  duct  in  Figure  2  is  bent  around  the  y  axis  to  form 
the  shape  illustrated  in  Figure  7.  Except  for  the  proportions,  this  shape 
is  identical  to  the  tangential  flow  annular  duct.  In  this  arrangement,  a 
component  of  flux  density  in  the  y  axis  and  a  radial  component  of  current 
density  produce  a  pressure  rise  on  fluid  passing  peripherally  through  the 
duct.  This  duct  shape  is  best  suited  to  moderate  pressure  and  flow. 

3.  Spiral  Flow.  The  spiral  flow  disc  configuration,  analogous  to  the 
helical  flow  annular  configuration,  is  produced  by  bending  the  rectangular 
duct  in  Figure  2  in  a  spiral  form  around  the  y  axis.  Figure  8  illustrates 
this  duct  shape.  Normally,  this  configuration  will  be  supplied  with  flux 
density  in  the  y  axis  and  radial  current  density  to  produce  a  circumfer¬ 
ential  force  on  the  fluid  in  the  spiral  duct  passages.  This  duct  has  some 
of  the  design  flexibility  of  the  helical  flow  annular  duct  and,  similarly, 
is  best  suited  to  high  pressure  and  low  flow.  The  basic  shape,  however, 
is  not  as  efficient  a  pressure  vessel  as  the  cylindrical  helical  annular 
shape . 

3 .  Conduction  Pumps 

Conduction  pumps  may  be  designed  incorporating  any  of  the  duct  config¬ 
urations  described  in  the  preceding  paragraphs.  Most  conduction  pumps, 
however,  have  been  built  with  flat  ducts  of  approximately  rectangular 
cross  section  because  of  their  simplicity  and  relative  ease  of  manufacture 
and  their  adaptability  to  a  wide  range  of  pressure  and  flow.  In  the 
following  general  discussion  of  conduction  pumps,  a  flat  duct  is  used  for 
illustration.  Unless  otherwise  indicated,  the  comments  and  conclusions 
apply  to  conduction  pumps  having  any  duct  configuration.  Figure  9 
illustrates  a  conduction  pump  with  a  flat  duct.  The  current  density 
and  flux  density  in  the  fluid  may  be  either  direct  or  alternating. 
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Generally,  this  is  true  for  all  conduction  pumps.  Considerations  unique  to 
direct  current  and  alternating  current  conduction  pumps  will  be  discussed 
later  in  this  section. 

If  I  is  that  part  of  the  total  current  passing  through  the  liquid  under 
the  magnet  poles  and  if  the  flux  density  B  is  assumed  uniform  over  the 
region  covered  by  the  poles,  it  follows  from  equation  1  that  the  developed 
pressure  is  given  by 


Pz 


T.  IB 

B  c  =  — 
X  y  a 


The  flow  Q  is  given  by  equation  3: 

Q  =  vab  ^ 

where  v  is  the  velocity  of  the  liquid  metal.  In  conventional  engineering 
units , 

p  =  -  ( — _)  ( -)  psi  5 

^  10^  lo" 

Q  =  3.12  vab  gpm  6 


where  B  is  in  lines/in. I  is  in  amperes 
and 


is  in  ft/sec,  and  a 


are  in  inches.  The  total  flux  J0  ,  in  lines,  is  given  by 


0  =  Bbc 


The  flux  density  in  the  fluid  is  limited  by  saturation  of  the  magnet 
material  to  approximately  10^  lines/in.^.  (In  practice^  much  lower  densities 
are  used.)  The  value  of  a  is  variable,  but  it  will  seldom  be  less  than 
1/4  inch.  Thus,  it  is  apparent  from  equation  5  that  conduction  pumps  with 
flat  ducts  producing  pressures  in  the  order  of  tens  of  psi  require  currents 
in  the  fluid  in  the  order  of  thousands  of  amperes.  When  flows  in  the  order 
of  hundreds  of  gpm  are  required,  the  current  required  is  typically  tens  of 
thousands  of  amperes  at  voltages  in  the  order  of  one  volt. 


Variations  in  the  elementary  flat  duct  conduction  pump  configuration 
are  possible  and  may  offer  advantages  for  certain  applications.  For  example, 

Figure  10  illustrates  two  flat  duct  configurations  which  permit  a  greater  developed 
pressure  per  ampere  of  current  in  the  fluid  than  that  of  Fig  9.  Assuming  that  the  duct 
sections  in  the  configurations  shown  in  Figures  9,  10a  and  10b  are  of  equal  size, 
for  equal  fluid  current,  flux  density,  and  fluid  velocity,  the  two  configura¬ 
tions  in  Figure  10  develop  twice  the  pressure  at  the  same  flow  as  that  shown 
in  Figure  9.  In  Figure  10a,  the  m.m.f.  required  to  develop  a  given  flux  density 
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in  the  fluid  is  twice  that  required  in  Figures  9  and  10b,  whereas  the  total 
flux  required  in  Figure  10b  is  twice  that  required  in  Figures  9  and  10a.  The 
configuration  in  Figure  10a  has  the  additional  advantage  of  armature  reaction 
compensation  which  is  described  below. 

Conducting  materials  are  generally  used  for  the  duct  structure  with 
the  electrodes  solidly  connected  to  the  duct  sides.  The  voltage  applied 
across  the  fluid  pumped,  therefore,  is  also  applied  across  the  duct 
structure;  the  resulting  duct  wall  current  is  both  a  source  of  considerable 
loss  and  a  significant  addition  to  the  current  in  the  fluid.  The  electrodes 
and  their  attachment  to  the  duct  sides  constitute  a  difficult  mechanical 
design  problem  for  conduction  pumps.  The  duct  walls  must  be  kept  relatively 
thin  to  limit  the  duct  wall  loss;  hence,  the  sections  adjacent  to  the 
electrodes  are  subjected  to  thermally  induced  stresses  caused  by  the 
different  rates  of  change  in  temperature  of  the  thin  duct  sections  and 
the  heavy  electrode  sections  during  changes  in  temperature  of  the  pumped 
fluid.  Furthermore,  the  ohmic  losses  in  the  electrodes  themselves  are  often 
sufficiently  great  to  require  auxiliary  cooling  of  the  electrodes. 

The  current  flowing  in  the  fluid  and  the  duct  walls  produces  an  air 
gap  m.m.f.  analogous  to  the  armature  reaction  of  rotating  electric  machinery. 
This  distorts  the  m.m.f.  across  the  duct  and  tends  to  produce  a  higher 
m.m.f.  at  the  inlet  than  at  the  outlet  of  the  duct.  Decreased  pump  efficiency 
and  hydraulic  output  result.  As  in  the  case  of  dc  rotating  machinery,  this 
m.m.f.  distortion  may  be  compensated  by  returning  the  current  passing  through 
the  fluid  and  the  duct  walls  through  the  gap  between  the  magnetic  poles  in 
the  opposite  direction.  Figure  11  illustrates  this  compensation.  The  two- 
stage  pump  illustrated  in  Figure  10a  is  similarly  compensated. 

At  the  ends  of  the  electrodes,  current  tends  to  fringe  upstream  and 
downstream  in  the  fluid.  Since  the  magnetic  field  beyond  the  ends  of  the 
magnetic  structure  is  weak,  little  back  electromotive  force  is  developed 
in  this  region  so  that  the  fringing  current  is  greater  relative  to  the  total 
current  at  high  flow  velocities  and  flux  densities.  This  fringing  current 
contributes  little  to  the  pressure  developed  by  the  pump;  rather,  it  is  a 
source  of  additional  loss  and  it  also  increases  the  current  required. 

Figure  12  illustrates  the  fringing  current  density  field  in  the  fluid  at 
the  ends  of  a  conduction  pump. 

Figure  12a  depicts  the  general  nature  of  the  fringing  current  when  no 
insulating  barrier  is  used;  Figure  12b  shows  how  the  field  is  modified  using 
one  insulating  barrier.  It  is  apparent  that  the  effects  of  current  fringing 
at  the  duct  ends  on  pump  performance  are  strongly  related  to  the  ratio  of 
the  length  of  the  pump  (in  the  flow  axis)  to  the  width  of  the  duct  (in  the 
current  axis)  and  that  these  effects  are  less  for  large  values  of  (c/b) . 
Insulating  barriers  may  be  used  to  reduce  the  current  fringing  effects. 
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Figure  13  illustrated  the  flux  fringing  field.  The  effects  on  pump 
performance  are  strongly  related  to  the  ratio  of  the  length  of  the  pump 
Cj  to  the  length  of  the  nonmagnetic  gap^  g  ;  i.e.,  these  effects  are  less 
for  large  values  of  c/g. 

a.  DC  Conduction  Pumps.  When  direct  current  is  supplied  to  duct  and 
field  circuits  in  Figure  9  and  11,  these  pumps  become  uncompensated  and 
compensated  direct  current  conduction  pumps,  respectively.  They  may  be 
excited  by  direct  current  in  the  field  windings,  as  illustrated  in  Figures 
9  and  11,  or  by  permanently  magnetized  hard  magnetic  material  used  for  all 
or  part  of  the  magnetic  structure.  Using  both  direct  current  field  excitation 
and  permanent  magnet  excitation  in  the  same  pump  is  possible,  although  this 
is  not  a  common  design  arrangement.  Direct  current  excited  conduction  pumps 
may  be  series  or  shunt  excited.  In  series  excited  pumps,  the  duct  circuit 
and  the  field  circuit  are  connected  in  series  so  that  the  field  winding 
consists  of  a  few  turns  of  large  conductors.  In  shunt  excited  pumps,  the 
conductor  size  and  number  of  turns  may  be  adjusted  for  compatibility  with 
the  excitation  power  supply.  Series  excitation  is  particularly  well  suited 
to  pumps  subject  to  high  radiation  or  high  temperature  since  the  field 
voltage  is  normally  very  low.  Thus,  materials  which  have  relatively  poor 
dielectric  properties  but  good  resistance  to  radiation  and  high  temperature 
may  be  used  for  insulating  the  field  winding. 

As  indicated  previously,  the  fluid  circuit  of  conduction  pumps  of 
useful  capacity  normally  required  very  high  current  at  very  low  voltage, 
typically  thousands  of  amperes  at  a  fraction  of  one  volt.  Special  power 
supply  equipment,  therefore,  is  necessary.  Conversion  schemes  starting 
with  electrical,  mechanical,  and  thermal  power  are  possible.  In  the  more 
conventional  power  conversion  schemes,  current  may  be  supplied  from  an 
alternating  current  source  by  rectification  or  from  a  mechanical  power 
source  by  a  dc  generator.  When  rectification  is  used,  the  voltage  drop 
in  the  rectifiers  approximates  the  output  voltage  required  and,  hence, 
the  efficiency  is  poor.  Also,  many  rectifier  cells  in  parallel  are  required 
to  develop  the  necessary  high  values  of  current.  Because  of  the  poor 
efficiency  associated  with  brush  voltage  drop  and  the  very  large  brush 
contact  area  required  for  conducting  thousands  of  amperes,  using  dc  gener¬ 
ators  of  conventional  design  for  supplying  dc  conduction  pumps  is  quite 
impractical.  Although  acyclic  (homopolar)  machines,  using  liquid  metal 
collectors,  are  well  suited  for  supplying  such  pumps,  they  are  not  developed 
in  small  sizes.  Direct  conversion  processes,  particularly  thermoelect ri c 
and  thermionic,  are  attractive  in  that  their  characteristic  output  of  high 
current,  low  voltage  is  admirably  suited  to  dc  conduction  pump  requirements. 
Negative  features  are  temperature  limitations,  poor  efficiency,  and  high 
specific  weight.  Although  probably  useful  for  auxiliary  applications  or 
in  smaller  power  plants,  the  thermoelcctromagnct ic  pump,  in  which  thermo¬ 
electric  elements  become  a  part  of  the  pump  structure,  is  noncompetitive 
for  the  applications  in  this  study. 
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To  reduce  the  over  all  size  and  weight  of  pump  and  power  conversion 
equipment,  several  configurations  have  been  conceived  in  which  both  power 
conversion  and  pumping  are  accomplished.  One  of  the  most  promising  of  these 
is  the  thermoelectric  heat  exchanger  pump.  Here,  thermoelectric  materials 
are  used  in  the  heat  exchanger  in  such  a  manner  that  electric  power  is 
generated  when  heat  flows  from  the  fluid  at  the  higher  temperature  to  the 
fluid  at  the  lower  temperature.  The  electric  current  thus  available 
excites  the  pump  field  and  passes  through  either  one  or  both  of  the 
fluids  involved  to  produce  pressure  and  flow, 

AC  Conduction  Pumps.  When  the  pump  configurations  shown  in  Figures 
9,  10,  and  11  are  supplied  with  alternating  rather  than  direct  current, 
they  become  ac  conduction  pumps.  For  effective  operation,  flux  density 
and  current  density  in  the  fluid  must  be  in  phase.  The  pressure  developed 
is  proportional  to  the  product  of  field  strength  and  current  in  the  fluid 
and,  hence,  is  a  fully  displaced  sinusoid  going  from  zero  to  twice  its 
average  value  at  twice  the  frequency  of  the  power  supply.  Alternating 
current  conduction  pumps  cannot  be  excited  by  permanent  magnets.  Although 
they  may  be  either  series  or  shunt  excited,  they  are  usually  series 
excited  to  insure  that  flux  density  and  current  density  are  in  phase. 

The  phenomenon  of  field  distortion  by  current  in  the  fluid  and  duct 
walls  in  uncompensated  ac  conduction  pumps  is  similar  to  that  in  dc 
conduction  pumps,  except  that  the  time  variation  of  the  magnetic  field 
introduces  an  additional  component  of  induced  voltage  in  the  fluid  and 
the  duct  walls.  The  qualitative  effect  of  the  time  variation  of  the  field 
may  be  deduced  as  follows. 

Consider  the  configuration  in  Figure  9.  The  sinusoidal  variation  of 
the  exciting  flux  in  the  y  axis  induces  voltages  in  duct  walls  and  fluid 
that  cause  circulating  currents  (eddy  currents)  to  flow  in  the  x-z  plane 
in  a  manner  to  oppose  the  change  of  the  flux  in  the  y  axis.  If  the 
effect  of  the  motion  of  the  fluid  is  ignored,  this  situation  is  identical 
to  the  classical  current  and  flux  distribution  problem  in  a  lamination  of 
finite  length.  As  in  the  lamination  problem,  the  eddy  currents  distort 
the  flux  density  and  reduce  its  value  everywhere  except  at  the  edges  of 
the  duct.  The  eddy  currents  contribute  nothing  to  the  pump  output  but 
rather  constitute  an  additional  loss.  The  effects  of  the  eddy  currents  are 

strongly  dependent  upon  the  b  and  c  dimensions  of  the  duct  and  the 

frequency  of  the  power  supply.  In  any  event,  conduction  pumps,  per  se ,  can 

never  perform  as  efficiently  when  operated  on  ac  power  as  when  operated  on 

dc  power. 

Alternating  current  conduction  pumps  have  the  advantage,  however,  of  easier 
adaptability  to  common  power  supplies;  i.e.,  they  require  only  a  transformer 
to  convert  ac  power  from  normal  utilization  voltage  to  the  low  voltage, 
high  current  power  necessary.  The  transformer  and  pump  are  usually  incor¬ 
porated  into  a  compact  unit  designed  to  minimize  weight. 
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4.  Induction  Pumps 


In  induction  pumps,  the  high  duct  currents  demanded  are  induced  within 
the  duct  itself  and  flow  in  closed  loops  contained  within  the  duct.  Thus, 
neither  an  external  source  of  high  current  nor  heavy  electrode  connections 
to  the  duct  are  necessary.  These  are  significant  advantages,  permitting 
a  symmetrical  duct  free  of  the  stress  concentrations  caused  by  temperature 
gradients  and  physical  restraints  associated  with  the  electrode-duct 
region  in  conduction  pumps. 

Induction  pumps,  however,  have  certain  inherent  disadvantages  and 
limitations.  Since  the  current  in  the  fluid  must  be  induced  by  a  time 
rate  of  change  of  magnetic  flux  in  the  fluid,  it  is  difficult  to  produce 
compact  pump  designs  for  liquid  metals  having  high  electrical  resistivity. 

Also,  because  of  eddy  current  losses  as  discussed  under  ac  conduction  pumps, 
high  frequency  power  is  not  suitable  for  induction  pumps.  Furthermore,  the 
optimum  frequency  decreases  with  increasing  pump  capacity.  Induction  pumps 
may  be  designed  for  either  single  phase  or  polyphase  power  supplies.  Most 
of  the  induction  pumps  built  to  date  have  been  designed  for  polyphase  power. 

a.  Single  Phase  Induction  Pumps.  The  consideration  of  ac  conduction 
pumps  in  part  A. 3,  tacitly  assumed  that  the  duct  and  the  magnetic  structure 
were  symmetrical,  so  that  the  eddy  current  pattern  and  the  flux  density 
distribution  were  also  symmetrical.  If  the  fluid  velocity  is  assumed  to 
be  zero,  the  resulting  eddy  current  and  flux  density  distribution  are 
illustrated  in  Figure  14. 

In  the  EM  pump  configurations  examined  earlier,  the  magnitude  and 
direction  of  the  force  on  each  element  of  fluid  was  determined  from  the 
product  of  the  flux  density  and  current  density  in  each  element.  In  the 
configuration  in  Figure  14,  in  addition  to  the  space  variation  in  both 
flux  density  and  current  density  across  the  duct,  the  phase  relationships 
also  vary  across  the  duct.  Accordingly,  a  different  viewpoint  is  desirable 
to  provide  insight  into  operation  and  a  guide  in  appraising  the  usefulness 
of  various  possible  pumping  configurations. 

A  suitable  viewpoint,  which  can  be  developed  from  energy  considerations, 
may  be  summarized  by  the  statement  that  the  forces  exerted  will  tend  to 
maximize  the  effective  permeance  of  the  system.  That  is,  motion  of  the 
fluid  will  tend  to  maximize  the  flux  passing  between  the  poles  in  the 
pumping  configuration.  Before  this  principle  can  be  applied  to  determine 
the  direction  of  the  forces  in  any  configuration,  the  flux  density 
distribution  must  be  known.  The  flux  density  distribution  may  be  ascertained 
by  applying  Lenz’s  law  which  states  that  the  voltage  induced  causes  current 
to  flow  in  a  direction  opposing  the  change  in  the  magnetic  flux. 

Thus,  in  the  EM  pump  configuration  in  Figure  14,  the  symmetry  is  such  that, 
assuming  zero  fluid  velocity,  the  eddy  currents  in  the  fluid  and  the  duct  flow 
in  closed  paths  in  the  general  pattern  illustrated.  Now,  if  all  fluid  and  duct 
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elements  could  move  toward  the  low  flux  density  region,  the  high  flux 
density  region  would  become  larger  and  the  total  flux  would  increase. 
Accordingly,  the  forces  are  toward  the  center.  The  symmetry  is  such  that 
the  net  force  in  any  direction  would  be  zero. 

If,  as  illustrated  in  Figure  15,  very  low  resistance  bars  are  attached 
to  one  end  of  the  duct  structure,  the  symmetry  is  destroyed, and  fluid 
(and  duct)  currents  flow  in  the  paths  indicated.  The  m.m.fl  caused  by 
these  eddy  currents  opposes  the  exciting  m.m.f,  and  distorts  the  flux 
density  so  that  the  maximum  occurs  at  the  top  of  the  duct  in  Figure  15. 
Current  carrying  fluid  and  duct  elements  tend  to  move  toward  the  region 
of  lower  flux  density  and,  hence,  the  force  is  directed  toward  the  end 
of  the  pump  where  the  low  resistance  bar  is  attached. 

Figure  16  is  an  annular  version  of  the  pump  illustrated  in  Figure  15. 
The  duct  is  an  annulus  and  the  exciting  coil  is  a  toroid.  The  pump  is 
symmetrical  around  the  axial  center  line.  The  magnetic  structure  is 
laminated,  and  the  major  dimensions  of  the  laminations,  ideally,  at  least, 
lie  in  planes  which  contain  the  axial  center  line  of  the  pump.  The 
symmetry  is  such  that  the  induced  currents  in  the  fluid  and  the  duct 
flow  in  closed  circles  about  the  center  line.  The  m.m.f.  produced  by 
these  currents  opposes  the  exciting  m.m.f.  and,  therefore,  flux  density 
in  the  fluid  concentrates  at  the  left  side  of  the  duct  in  Figure  16. 

The  current  carrying  fluid  and  duct  elements  then  tend  to  move  toward 
the  region  of  lower  flux  density  and,  hence  the  fluid  is  pumped  to  the 
right . 


Another  version  of  the  annular  duct,  single  phase,  ac  induction  pump 
is  shown  in  Figure  17.  The  principle  of  operation  and  the  general  flux 
and  current  relationships  for  this  pump  are  the  same  as  those  for  the  pump 
in  Figure  16.  It  requires  more  "magnetizing  current"  and  is  less  efficient 
in  both  power  and  space  utilization  but  has  a  simpler  and  possibly  lighter 
magnetic  structure.  Other  variations  of  the  configurations  illustrated 
utilize  a  second  exciting  coil  located  at  the  end  of  the  duct  opposite  the 
coil  illustrated.  Performance  is  similar  to  those  of  the  configurations 
shown  in  Figures  16  and  17. 


Annular  duct,  single  phase,  induction  pumps  have  many  attractive  features. 
The  exciting  coils  are  compact  and  relatively  easy  to  form,  insulate,  and 
cool.  The  duct  is  symmetrical  and,  hence,  is  relatively  free  of  stress 
concentrations.  The  developed  pressure  is  pulsating,  however,  with  an  ac 
component  of  the  order  of  the  average  component  (cf.  ac  conduction  pumps). 
There  are  few  references  to  single  phase  induction  pumps  in  the  literature 
(Ref.  15).  The  analysis  is  complex.  A  comprehensive  analysis  of  single 
phase  induction  pumps  is  presented  later  in  this  report.  Here,  a  limiting 
case  analysis  of  developed  pressure  is  made,  assuming  zero  flow  and  neglecting 
duct  wall  current. 


The  current  I^  in  the  fluid  annulus,  the  radial  flux  density  B  in  the 
nonmagnetic  gap  at  the  point  marked  1  in  Figure  16  and  the  radial  length  g 
of  the  nonmagnetic  gap  are  related  by  the  following  expression: 


B 
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where  [i  is  the  magnetic  permeability  of  the  nonmagnetic  gap. 

Assuming  that  power  supply  frequency,  fluid  resistivity,  and  annulus 
length  are  such  that  the  flux  passing  through  the  pump  core  at  point 

2  approaches  zero,  the  flux  density  in  the  nonmagnetic  gap  at  point 

3  also  approaches  zero.  Then,  the  pressure  developed  becomes 

p-ii-s!  ■ 

2  t  M 

where  B  is  in  lines  per  square  inch,  [1  is  the  permeability  of  free 
space  and  g  and  t  are  the  indicated  distances  in  inches 

P  =  1.39  -  (-^)^  psi 

t  10^ 

From  a  limiting  condition  standpoint,  the  effective  value  of  flux  density 
in  magnetic  steel  may  approach  80,000  to  90,000  lines/in.  and, hence, 
this  type  pump  is  capable  ideally  of  pressures  exceeding  100  psi . 

b.  Polyphase  Induction  Pumps.  Polyphase  induction  pumps  are  excited  by 
polyphase  alternating  current  supplied  to  static  windings  distributed  on 
one  or  both  sides  of  a  pump  duct  and  supplied  with  power  in  a  manner 
producing  a  sinusoidally  distributed  m.m.f.  across  the  pump  duct.  This 
m.m.f.  wave  travels  along  the  pump  duct  and  induces  voltages  in  the  fluid 
and  duct  walls.  The  resulting  currents  in  the  fluid  interact  with  the 
traveling  magnetic  field  to  produce  force  on  the  fluid  in  the  direction 
of  motion  of  the  field.  The  principle  of  operation  is  identical  to  that 
of  the  polyphase  induction  motor,  which  is  used  widely  in  industry  and 
utilities  for  motor  applications  in  the  1  to  1,000  hp  range.  The  poly¬ 
phase  induction  motor  owes  its  favorable  acceptance  and  extensive  usage 
primarily  to  the  simplicity  of  its  rotor  and  the  absence  of  electrical 
connections  to  the  rotor.  Similarly,  the  attractiveness  of  the  polyphase 
induction  EM  pump  is  due  to  duct  simplicity,  the  absence  of  electrical 
connections  to  the  duct,  and  its  adaptability  to  widely  available  power 
sources . 

Polyphase  induction  pumps  may  be  built  using  any  of  the  basic  duct 
configurations  described  earlier.  Flat  duct  pumps  generally  have  been 
preferred  for  high  flow  applications  and  have  received  considerable 
development  effort  here  and  abroad.  Helical  flow  annular  pumps  generally 
have  been  preferred  for  low  flow  applications  and  have  operated  quite 
satisfactorily  in  various  applications, 

1.  Flat  Linear.  Two  views  of  a  flat  linear  induction  pump  in 
Figure  18  illustrate  this  basic  arrangement.  Distributed  windings  are 
arranged  in  the  slots  and  supplied  with  polyphase  power,  producing  a 
sinusoidally  distributed  traveling  m.m.f.  wave  that  moves  linearly  at 
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a  velocity  dependent  upon  the  pole  pitch  of  the  windings  and  the  frequency 
of  the  power  supply.  The  duct,  rectangular  in  cross  section,  is  located 
in  the  magnetic  field  between  the  two  stators.  Normally  the  length  of  the 
pump  is  several  pole  pitches. 

Figure  19  illustrates  the  relationship  between  the  magnetic  field  and 
the  current  density  in  the  fluid.  Flux  density  and  current  density  are 
sinusoidally  distributed  and  are  in  phase,  the  condition  required  for 
maximum  developed  pressure.  Pump  output  pressure  is  essentially  constant, 
free  from  the  twice  power  frequency  pulsation  characteristic  of  ac 
conduction  pumps  and  single  phase  ac  induction  pumps. 

Because  of  side  and  end  effects,  the  flat  linear  induction  EM  pump  is 
subject  to  a  reduction  in  output.  The  current  loops  shown  at  both  sides 
of  the  conducting  fluid  sheet  in  Figure  19  illustrate  the  side  effects. 

A  voltage  drop  occurs  in  these  loops,  reducing  the  x  component  of  current 
density  in  the  fluid  sheet  and,  thereby,  the  developed  pressure.  It  is 
apparent  that  the  magnitude  of  the  pressure  reduction  caused  by  side  effects 
is  related  to  the  ratio  of  the  width  of  the  pump  duct  b  to  the  pole  pitch 
A  .  The  end  effects  are  caused  by  discontinuities  in  permeance  and  In  the 
traveling  wave  of  exciting  m.m.f.  at  each  end  of  the  pump.  These  discon¬ 
tinuities  lead  to  ineffective  utilization  of  the  end  poles  particularly  and, 
hence,  to  reduced  output  and  efficiency.  This  effect  is  related  to  the 
number  of  poles  employed  and  the  winding  arrangement  in  the  end  poles. 

2*  Annular  Linear.  The  polyphase  induction  pump  using  an  axial  flow 
annular  duct  configuration  is  usually  called  the  annular  linear  induction 
pump.  It  is  illustrated  in  Figure  20.  The  windings  consist  of  toroidal 
coils  whose  axes  are  concentric  with  the  axis  of  the  annular  duct.  As  in 
the  flat  linear  induction  pump,  when  the  windings  are  properly  energized, 
a  traveling  wave  of  m.m.f.  moves  linearly  along  the  axis  of  the  pump.  The 
effective  component  of  the  flux  density  in  the  annular  duct  is  radial. 

The  magnetic  steel  in  both  stator  and  core  should  have  the  principal  planes 
of  the  laminations  in  radial  planes  passing  through  the  axis  of  the  pump. 
Because  of  the  inaccessibility  of  the  core,  windings  are  normally  located 
in  the  stator  (outside  the  annular  duct)  only. 

The  annular  pump  is  identical,  in  principle,  to  the  flat  pump.  The 
ranges  of  application  of  the  two  pumps  are  similar;  both  are  best  suited 
to  moderate  and  high  flow,  low  pressure  applications.  The  annular  pump  is 
not  subject  to  the  side  effects  present  in  flat  pumps,  since  the  circum¬ 
ferential  component  of  current  density  is  continuous  in  the  fluid  in  the 
annulus.  The  end  effects,  however,  are  similar,  although  annular  designs  may 
permit  greater  freedom  to  control  the  field  in  the  end  poles  by  using  special 
coils . 


Helical  Polyphase.  Figure  21  illustrates  the  basic  helical 
induction  EM  pump  configuration.  The  flow  passages  consist  of  one  or  more 
helical  passages  within  the  annular  duct.  The  stator  is  identical  in 
principle  and  arrangement  to  the  stator  of  a  polyphase  induction^  or 
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synchronous^  motor.  When  polyphase  alternating  voltage  is  supplied  to 
the  distributed  windings^  a  rotating  m.m.f.  wave  is  established  radially 
across  the  duct.  The  central  magnetic  core  serves  as  a  low  reluctance 
flux  path  for  transmitting  the  air  gap  flux  between  poles.  The  rotating 
magnetic  field  induces  axial  voltages  in  the  fluid  and  the  duct  walls_, 
and  the  resulting  axial  currents  in  the  fluid  interact  with  the  field 
to  produce  a  tangential  force  on  the  fluid.  The  length  of  path  over 
which  pressure  is  developed  in  the  fluid  is  the  developed  length  of  a 
helical  passage. 

Many  variations  in  the  duct  arrangement  illustrated  in  Figure  21  have 
been  developed  recently.  In  Figure  22  a,  two  concentric  helical  ducts 
are  shown.  Obviously  more  concentric  passes  may  be  used  if  desired.  In 
Figure  22  b^  a  central  fluid  return  is  shown  inside  the  pump  core.  Both 
these  variations  in  arrangement  permit  suction  and  discharge  to  be  immedi¬ 
ately  adjacent  at  one  end  of  the  pump.  This  is  quite  advantageous  consid¬ 
ering  ease  of  assembly  and  freedom  from  stresses  arising  from  pipe  reactions, 
thermal  transients,  etc.  For  extremely  high  temperature  applications,  the 
magnetic  core  may  be  omited  from  these  configurations.  The  resulting 
construction  is  exceptionally  rugged  and  reliable,  but  performance  is 
adversely  affected  both  in  pump  efficiency  and  weight. 

Although  the  helical  induction  pump  experiences  a  loss  in  output 
because  of  side  effects  similar  to  those  described  for  flat  pumps,  it  has 
no  end  effects  analogous  to  those  of  flat  and  annular  pumps.  The  axial 
component  of  fluid  velocity,  however,  results  in  additional  loss  and 
reduction  in  output.  This  effect,  insignificant  in  pumps  having  a  small 
helix  angle,  becomes  limiting  when  large  angles  (near  45°)  are  used. 

The  foregoing  statements  assume  that  the  stator  slots  arc  axial.  Some 
improvement  in  performance  may  be  achieved  by  skewing  the  slots.  In  the 
optimum  relationship,  the  skewed  slots  are  perpendicular  to  the  helical 
flow  passages.  It  is  also  possible  to  achieve  pumping  in  a  helical  induction 
pump  configuration  with  skewed  slots  and  an  annular  duct  without  helical  flow 
passage  separators.  Such  an  arrangement  is  electromagne tically  and  hydraulically 
inferior  to  designs  with  helical  flow  passage  separators,  but  the  duct 
construction  is  simpler  and  better  adapted  for  use  with  nonmetallic  duct  materials. 

4,  Spiral  Polyphase,  Figure  23  illustrates  the  spiral  induction  pump 
configuration.  The  pumped  fluid  passes  through  the  duct  through  one  or  more 
involute  passages  which  lie  in  a  plane.  The  duct  lies  in  the  axial  air  gap, 
which  is  excited  by  stators  on  either  side  of  the  duct.  The  polyphase  stator 
windings  are  distributed  with  the  individual  coil  sides  lying  in  slots,  which 
may  be  radial  or  may  spiral  outward  from  the  stator  inside  diameter  to  the 
stator  outside  diameter.  Fluid  suction  is  normally  at  the  inside  diameter 
of  the  duct;  the  discharge,  at  the  outside  diameter.  Stator  laminations  are 
oriented  in  such  a  manner  that  a  radial  line  is  perpendicular  to  the  principal 
surface  of  the  laminations. 
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Like  its  helical  counterpart,  the  spiral  induction  EM  pump  is  best 
suited  to  relatively  low  flow  and  moderate  to  high  pressure  applications. 
Electromagnetically,  it  has  an  advantage  over  the  helical  pump  because 
its  design  permits  symmetrical  stators  on  both  sides  of  the  fluid  duct. 

This  leads  to  lower  leakage  reactance  of  the  windings  and,  hence,  a 
tendency  to  better  power  factor.  In  most  other  comparisons,  however, 
it  is  inferior  to  the  helical  pump.  If  the  air  gap  is  constant,  it 
utilizes  magnetic  material  poorly  since,  with  uniform  slots,  flux 
densities  in  the  stator  teeth  will  be  much  lower  at  the  outside  diameter 
than  at  the  inside  diameter.  Thus,  efficient  utilization  of  material 
leads  to  an  air  gap  that  varies  inversely  (approximately)  with  radius. 

The  linear  velocity  of  the  revolving  field  obviously  is  greater  at  the 
outside  diameter  than  at  the  inside  diameter.  It  is  desirable,  therefore, 
that  the  linear  velocity  of  the  fluid  be  greater  at  the  outside  diameter 
than  at  the  inside  diameter  to  maintain  the  optimum  slip  throughout  the 
pump.  With  a  constant  radial  passage  width,  constant  slip  will  be 
approximated  if  the  axial  dimension  of  the  duct  varies  inversely  with 
radius . 

When  the  involute  flow  passage  separators  are  omitted,  the  fluid  in  the 
duct  will  be  spun  around  the  pump  center  line  by  the  interaction  of  the 
revolving  field  and  the  induced  currents  in  the  field.  Thus,  by  centrifugal 
force,  a  pressure  rise  will  occur  between  the  fluid  at  the  pump  inside 
diameter  and  that  at  the  pump  outside  diameter.  The  pumping  phenomenon 
is  essentially  identical  to  that  of  the  conventional  mechanical  centrifugal 
pump . 

Just  as  in  the  case  of  axial  air  gap  motors  compared  with  radial  air 
gap  motors,  the  spiral  induction  pump  is  more  complex  physically  and 
electromagnetically  than  its  helical  counterpart.  It  has,  consequently, 
received  very  little  attention  and  development  effort. 

c.  Moving  Magnet  Induction  Pumps.  In  principle,  moving  magnet  induction 
pumps  differ  from  polyphase  induction  pumps  only  in  the  means  of  excitation. 
Where  polyphase  induction  pumps  are  excited  by  a  traveling  wave  of  m.m.f. 
generated  by  the  flow  of  alternating  current  through  stationary  windings, 
moving  magnet  induction  pumps  are  excited  by  the  physical  motion  of  permanent 
magnets  or  electromagnets.  The  field  windings  may  be  either  stationary  or 
wound  around  the  poles  of  the  rotating  structure. 

In  the  concept  employing  rotating  field  windings,  field  current  may  be 
supplied  via  slip  rings,  or  alternating  power  may  be  supplied  to  the 
rotating  element  by  induction  and  to  the  field  by  rectifiers  mounted  on 
the  rotating  structure.  These  excitation  systems  are  commonly  used  in 
conventional  synchronous  motors  and  generators.  Configurations  employing 
stationary  field  windings  are  similar  to  those  used  in  homopolar  induction 
alternators.  The  field  windings  are  toroidal  in  shape.  The  field  current 
produces  a  constant  m.m.f.  across  the  duct.  A  traveling  wave  of  field 
strength  is  produced  by  rotating  a  rotor  structure  with  a  number  of  magnetic 
salients  in  the  region  across  which  the  exciting  m.m.f.  is  applied.  The 


-25- 


annular  and  disc  pump  configurations  are  well  adapted  to  excitation  by 
moving,  or  rotating,  magnets. 

1.  Annular  Helical  Duct.  In  the  annular  helical  con f i gural i on ,  the 
rotating  magnets  may  be  either  external  or  internal  to  the  duct  cylinder 
witli  the  opposite  member  a  stationary  laminated  flux  return  structure. 

The  duct  configurations  illustrated  in  Figures  5  and  8  appear  well  suited 
to  excitation  using  a  rotating  electromagnetic  structure.  When  the  roto]’ 
poles  are  skewed,  the  helical  flow  passage  separators  may  be  omitted, 
although  their  omission  will  obviously  modify  tlic  performance.  Such  a 
pump  has  been  studied  extensively  and  the  results  arc  reported  in 
reference  16. 

The  inductor  version  of  the  annular  helical  rotating  magnetic  induction 
pump  electromagnetically  similar  to  the  inductor  alternator,  is  illustrated 
in  Figure  24.  The  duct  may  or  may  not  have  helical  flow  passage  separatoixs. 
Considering  the  severe  skew  possible  with  the  inductor  configuration,  an 
annular  duct  without  helical  separators  appears  feasible.  In  this  design, 
excitation  is  provided  by  dc  current  in  the  centrally  located,  stationai’y, 
toroidal  exciting  coil.  Rotating  the  wormlike  magnetic  rotor  structure 
produces  motion  of  the  magnetic  field  in  a  helical  path  with  a  relatively 
small  axial  component.  A  visual  analogue  is  the  familiar  revolving  barber 
pole.  This  configuration  is  mechanically  driven  and  was  originally  conceived 
as  direct  connected  to  a  high  speed  turbine  shaft. 

2.  Spiral  Duct.  In  the  disc  spiral  configuration,  a  set  of  rotating 
magnets  may  be  located  on  both  sides  of  the  duct,  or  one  sot  of  rotating 
magnets  and  one  stationary  laminated  magnetic  flux  return  structure  may 
be  used.  Spiral  flow  passage  separators  may  or  may  not  be  used.  Excitation 
may  be  by  permanent  magnets,  dc  excitation  of  rotating  windings,  or  dc 
excitation  of  a  stationary  winding.  Figure  25  illustrates  one  concept  in 
which  the  rotating  field  structure  is  driven  by  an  integral  ac  motor. 
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Advantages  and  disadvantages  of  the  moving  magnet  pumps  as  compared  to 
polyphase  induction  pumps  are  presented  in  Table  3: 


TABLE  3.  COMPARISON  OF  MOVING 
MAGNET  AND  POLYPHASE  INDUCTION  PUMPS 


Advantages 


1.  Much  lower  volt-ampere  input 
because  of  the  low  power 
factor  of  polyphase  induction 
pumps. 

2.  Less  volume  of  active  material 
required,  because  stronger 
fields  can  be  attained  by  more 
effective  field  windings. 

3.  Less  stringent  requirements  for 
electrical  insulation,  ignoring 
rotation,  because  of  lower 
voltages  needed  for  windings. 


Disadvantages 

1.  Inherently  lower  reliability, 
because  of  the  additional 
failure  mechanisms  associated 
with  rotation,  bearings,  etc. 

2.  Inability  to  use  magnet  structures 
to  support  duct  walls. 


B.  Basic  Characteristics 


1 .  Efficiency 

a-  Duct  Efficiency.  In  the  following  development,  the  efficiency  of  an 
elementary  EM  pump  duct  section,  shown  in  Figure  26,  is  related  to  the 
pertinent  design  parameters.  Hydraulic  power  output,  fluid  I^R  loss,  and 
duct  wall  I  R  loss  are  considered  and  the  following  assumptions  are  made: 

1)  The  applied  magnetic  field  has  a  y  component  only  and 
does  not  vary  with  x  and  y  . 

2)  The  fluid  velocity  has  a  z  component  only  and  does 
not  vary  with  x  and  y  . 

3)  The  current  density  in  the  fluid  has  an  x  component 
only  and  does  not  vary  with  x  and  y  . 

4)  Entrance  and  exit  irregularities  are  neglected. 
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In  a  consistent  system  of  units 
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The  I  R  loss  in  the  fluid  is  clearly 


Wj  =  Pj  (abc) 


or 
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'i  ,«c, 
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The  I  R  loss  in  the  duct  walls  is 
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Neglecting  viscous  losses,  the  duct  efficiency  Tj^  may  be  defined  as 

W 


^  ,  = 


d  W  +  +  W_, 

o  f  d 


Substituting  equations  19,  20,  and  21  into  equation  22  and  simplifying 
yields 
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where 
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It  may  be  shown  that  the  maximum  duct 
slip  s 
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Equations  23  and  26  are  plotted 
clearly  the  strong  influence  of  duct  wall  loss  in  reducing  pump  efficiency. 

The  diagonal  line  corresponding  to  Y  =  0  shows  duct  efficiency  as  a  function 
of  slip  when  duct  wall  loss  is  zero.  High  duct  efficiency  require.s  a  low 
value  of  the  parameter  Y 

b.  Electrical  Efficiency.  In  addition  to  the  losses  considered  for  duct 
efficiency  above,  this  development  considers  the  pump  winding  I  R  loss.  The 
following  assumptions,  plus  those  for  duct  efficiency,  are  used: 

1)  Excitation  is  provided  by  balanced  polyphase  currents  in 
windings  distributed  along  the  z  axis. 

2)  Magnetomotive  force  caused  by  fluid  and  duct  wall  currents 
is  compensated  by  current  in  the  pump  windings. 

3)  Time  harmonics  in  the  exciting  current  are  neglected. 

4)  Space  harmonics  in  exciting  m.m.f,  are  neglected. 

5)  The  leakage  reactance  of  the  fluid  and  duct  wall  circuits 
is  negligible. 

Relating  winding  loss  to  pump  output  necessitates  relating  winding  current 
to  the  terms  used  in  pump  output  equations  14  or  19.  Winding  current  may  be 
regarded  as  composed  of  two  components  90  electrical  degrees  out  of  phase: 
one,  the  exciting  current,  produces  the  net  flux  density  in  the  air  gap;  second, 
the  load  current  compensates  fluid  and  duct  wall  currents.  Thus,  where  A„  and 
Ai  are  magnetizing  and  load  currents  per  unit  length  in  the  z  axis,  respective! 
and  is  the  winding  pitch  and  distribution  constant,  it  may  be  shown  that 


efficiency  occurs  at  an  optimum 
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Figure  27.  This  figure  illustrates 
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Since  and  A-^  are  90  electrical  degrees  out  of  phase,  the  winding  loss 
may  be  related  to  the  sum  of  their  squares.  Thus, 
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where  r^  is  the  resistance  of  that  part  of  the  pump  windings  bounded  by 
a  region  having  unit  length  in  both  x  and  z  axes.  Using  equations  17, 
27,  and  28,  equation  29  may  be  expressed  in  the  terms  of  equation  20.  Thus, 
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Neglecting  viscous  losses,  electrical  efficiency 
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Using  equations  19,  20,  21,  and  30  and  rearranging, 


32 


Equation  32  may  be  expressed  in  more  convenient  terms  using  the  relationships 
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It  is  interesting  to  substitute  reasonable  numbers  for  some  of  the  terms  in 
equation  35  and  to  plot  r,g  against  the  remaining  variables.  In  Figure  28,  ^ 
is  shown  as  a  function  of  slip  and  frequency  for  normally  expected  values 
of  the  ratios  Y  ,  ar  /k^p  ,  and  2ngp  /piav  2.  Thus,  assuming 


t  =  0.025  in. 
a  =  0.25  in. 

— ,  A 

P  =  P  =  20  X  10  Ohm- in. 
f  d 

=  0.8  in. 


*  6 

r^  =  10  X  10  Olim 

g  =  0. 4  in. 

U  =3.19  line/amp-in. 
=  25  ft/sec 


Y  =  0.2 
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Then, 


This  equation  is  plotted  in  Figure  28. 

2.  Duct  Specific  Power 

In  the  preceding  development,  no  restrictions  were  placed  on  the  space 
occupied  by  the  pump.  In  this  development,  the  specific  power  w  of  the 
pump  duct  is  related  to  the  various  pump  design  parameters.  It  is  defined 
as  the  ratio  of  duct  output  power  Wq  to  duct  volume  abc. 

Many  factors  will  affect  pump  size,  but  the  limitation  in  a  particular 
design  is  generally  winding  temperature.  Winding  temperature  is  a  function 
of  winding  power  loss,  fluid  temperature,  heat  sink  temperature,  and  the 
thermal  properties  of  the  paths  through  which  the  loss  passes  enroute  from 
windings  to  heat  sink.  This  development  assumes  that  stator  winding  temper¬ 
ature  limits  the  heat  loss  from  the  pump  to  q  units  of  power  per  unit 
surface  area  of  the  duct.  Thus, 

=  q^bc  39 

Equating  equations  30  and  39,  assuming  negligible  heat  loss  from  the  duct  to 
the  coolant, 


Combining  equations  19,  for  power  output,  and  equation  40  and  rearranging,* 
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This  equation  is  similar  to  equation  32  for  electrical  efficiency,  Again^ 
substituting  for  \  and  in  terms  of  f,  and  s, 
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The  expression  for  w  has  the  dimensions  of  q^^/a  since  the  remaining 
terms  are  dimensionless.  In  the  flat  EM  pumps  installed  in  the  submarine 
Seawolf,  qn  was  approximately  25  watts/in. 2.  Using  this  value  for  q^  and 
the  values  used  to  obtain  Equation  38  for  the  remaining  quantities,  equation 

42  becomes 
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This  equation  is  plotted  in  Figure  29, 

3,  Power  Factor  and  Stored  Energy 

The  large  air  gaps  inherent  in  EM  pumps,  coupled  with  the  relatively 
high  resistivities  of  the  liquid  alkali  metals,  lead  inevitably  to  pumping 
configurations  in  which  the  energy  stored  in  the  magnetic  fields  associated 
with  the  air  gap  and  the  leakage  flux  paths  is,  much  greater,  relative  to 
input  power,  than  is  normally  the  case  in  motors  and  generators.  Thus,  ac 
EM  pumps  frequently  have  power  factors  less  than  50%,  particularly  when 
efficiency  has  been  maximized.  In  any  power  distribution  system,  supply 
of  loads  with  low  power  factor  is  accomplished  at  the  expense  of  either 
high  current  in  all  the  power  generation  and  distribution  elements  or  the 
addition  of  capacitive  load  elements.  Either  approach  adds  weight  and  com¬ 
plexity  to  the  power  distribution  system.  The  following  development 
illustrates  the  extent  to  which  pump  power  factor  and  electromagnetic  stored 
energy  are  influenced  by  liquid  metal  properties,  power  supply  frequency, 
and  pump  design. 

In  an  inductive  circuit,  the  relationships  between  the  energy  stored  in 
the  magnetic  field  and  the  reactive  volt-amperes  may  be  written: 

U  =  i  LI^  44 

W  =  I^X  =  I^  (2  nfL)  45 
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where  I  is  rms  current  and  U  is  the  average  value  of  the  stored  energy. 
It  follows  from  equations  44  and  45  that 


W  =  4  nfU 
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In  the  following  derivation,  the  relationship  between  stored  energy  U 
and  pump  output  Wq  is  developed  in  general  terms  and  the  results  are 
plotted  for  selected  constants  and  parameters.  The  configuration  considered 
is  shown  in  Figure  26. 


Energy  may  be  stored  in  the  duct  region  (the  air  gap)  and  in  the  winding 
leakage  flux  paths.  Thus,  the  energy  stored  in  the  magnetic  gap  U  may  be 
expressed:  ^ 


U 

g 


47 


The  energy  stored  in  the  leakage  flux  paths  may  be  developed  in  the 

following  manner.  Equations  27  and  28  give  expressions  for  magnetizing 
and  load  currents,  respectively,  per  unit  length  in  the  z  axis. 
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Since  A^^^  and  A^^  have  a  mutually  orthogonal  relationship,  the  total  sheet 
current  density  A  is 


A  = 
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Assuming  that  the  windings  have  a  leakage  permeance  A  per  unit  length  in  the 
X  and  z  axes,  the  energy  stored  in  the  leakage  flux  paths  is 


=  iA^A  be 
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The  total  stored  energy  is  the  sum  of  the  components  given  by  equations  47 
and  49: 


The  leakage  permeance  is  the  sum  of  the  permeance  of  the  slots  plus  that 
of  the  end  turns,  if  any.  It  may  be  shown  that  the  slot  permeance  for  completely 
filled  slots  with  parallel  sides,  depth  d^,  and  a  ratio  of  slot  width  to 
slot  pitch  T  is 
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It  is  reasonable  to  account  for  the  permeance  of  the  additional  leakage 
flux  paths  using  a  multiplier  k^  >1.  Thus, 


A  = 


d 

s 
3  T 


53 


Neglecting  hydraulic  loss,  the  hydraulic  power  output  of  the  duct  is  given 
by  equation  19.  From  equations  50  and  19,  the  ratio  of  output  to  stored 
energy  may  be  written 
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Substituting  ior  \ 


and  from  the  relationships  in  equations  33  and  34, 
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Equation  52  is  a  general  expression  for  slot  permeance  derived  on  the 
tacit  basis  that  only  one  stator  is  involved  in  supplying  m.m.f.  to  the  pump 
duct.  When  a  stator  is  positioned  on  both  sides  of  the  pump  duct,  the 
current  supplied  to  each  stator  need  be  only  half  that  required  with  one 
stator.  Accordingly,  from  equation  49,  the  total  energy  stored  in  the 
leakage  flux  paths  when  two  stators  are  used  will  be  only  one  half  that 
stored  when  only  one  stator  is  used.  Thus,  employing  equations  52  and  54, 
when  one  stator  is  used. 
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Considering  the  foregoing,  when  two  stators  are  used, 
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Using  the  assumed  values 


for  the  terms  in  equation  35,  plus 


these  additions. 
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1  in.,  when  one  stator  is  used 
0.5  in.,  when  two  stators  are  used 
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equations  56  and  57,  in  consistent  units,  become 
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Equations  58  and  59  are  plotted  in  Figures  30  and  31,  respectively. 
These  figures  illustrate  the  sensitivity  of  stored  energy  to  slip  and 
frequency  and  also  show  the  reduction  in  stored  energy  nossible  when 
stators  can  be  located  on  both  sides  ol  a  pump  duct.  While  the  minimum 
value  of  stored  energy  in  a  pump  designed  for  high  frequency  may  approach 
that  in  a  pump  designed  for  lower  frequency^  the  reactive  power  (equation 
46)  will  be  at  least  proportional  to  frequency. 


4 .  Hydraulic  Pressure  Drop 

a.  General.  Hydraulic  pressure  drop  in  an  EM  pump  is  caused  by 
entrance  and  exit  losses  and  the  viscous  drag  imparted  to  the  fluid  at 
the  duct  boundaries.  Entrance  and  exit  losses  are  usually  expressed  in 
terms  of  the  velocity  head 
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The  number  of  velocity  heads  h  depends  upon  the  details  of  the  entrance 
and  exit  conditions  and  may  be  approximated  for  a  particular  configuration 
by  reference  to  various  publications  (Refs.  17  and  18). 


Viscous  loss  is  normally  expressed  in  terms  of  the  friction  factor  6  / 
the  ratio  of  duct  length  to  hydraulic  diameter  L/D,  and  velocity  head.  In 
a  form  of  the  Fanning  equation. 
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With  the  usual  flow  conditions,  friction  factor  is  a  function  of  Reynolds 
number  Nj^,  duct  surface  conditions,  and  duct  curvature.  When  a  conducting 
fluid  flows  through  a  magnetic  field,  circulating  electrical  currents  flow 
within  the  fluid  and  introduce  an  additional  body  force  on  the  fluid  that 
influences  the  velocity  distribution  across  the  duct.  This  tends  to  modify 
the  friction  factor. 


An  analysis  of  hydraulic  pressure  drop  for  laminar  flow  of  a  viscous 
conducting  fluid  flowing  in  a  straight  duct  through  a  magnetic  field  is 
given  in  this  section.  The  resulting  expression  for  fraction  factor  is 
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where  the  Hartmann  number  N  (Ref.  19)  is 

H 


N 
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and  Reynolds  number  N  (Ref.  17)  is  given  by 

R 
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N  =  £1^ 

R  pi 
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where  \1  is  the  viscosity  of  the  fluid.  A  similar  solution  for  the  friction 
factor  when  flow  is  turbulent  is  unavailable.  Physical  reasoning  and  limited 
test  data  on  mercury  indicate  that  the  magnetic  field  has  very  little  effect 
on  the  friction  factor  when  flow  is  turbulent.  On  this  basis^  the  friction 
factor  for  turbulent  flow  (Ref.  17)  is  given  by 


^7^  =  4.0  log^Q  (wr i  )  -  0.4  65 

Equations  62  and  65  are  plotted  in  Figure  32.  Friction  factor  is  given  for 
laminar  flow  by  equation  62  and  for  turbulent  flow  by  equation  65. 


For  curved  ducts  friction  factor  is  greater  than  that  given  in  Figure  32 
for  straight  ducts.  For  laminar  flow,  Schlichting  (Ref.  20)  gives  the  effect 
of  curvature  as  increasing  friction  factor  by  the  multiplier 
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No  information  is  available  concerning  the  effect  of  duct  curvature  when  the 
Hartmann  number  is  other  chan  zero.  The  increase  in  friction  factor  caused 
by  curvature  results  from  secondary  fluid  flow  patterns  arising  from  the  ccntri 
fugal  force  field  produced  by  the  variations  in  fluid  velocity  across  the 
duct  cross  section.  When  a  conducting  fluid  flows  in  a  transverse  magnetic 
field,  velocity  variations  across  the  duct  are  reduced  by  the  eddy  current 
magnetic  field  reaction;  hence,  the  effect  of  curvature  is  expected  to 
decrease  with  increasing  Hartmann  number. 

The  velocity  distribution  across  a  wide  rectangular  duct  is  shown  in 
Figure  33  for  the  range  of  practical  values  of  Hartmann  number.  This  velocity 
distribution  is  given  in  equation  80  in  terms  of  average  velocity.  Higher 
values  of  pressure  drop  are  associated  with  higher  velocity  gradients  at  the 
boundaries . 

b.  Effect  of  Magnetic  Field.  Consider  the  elementary  duct  section  shown 
in  Figure  2  6.  Assume: 

1)  The  field  moves  in  the  z  direction  at  a  constant 
velocity  v^. 

2)  The  duct  and  air  gap  height  in  the  y  direction  are  much 
less  than  the  other  duct  dimensions  and  the  pole  pitch, 
so  that  there  are  no  variations  in  the  field  with  respect 
to  X  and  y. 

3)  Flow  is  laminar;  velocity  v  varies  only  with  y. 

4)  Current  density  has  an  x  component  only,  and  there 

are  no  conditions  external  to  the  elementary  duct  section 
shown  which  influence  current  density. 

Taking  the  center  of  the  duct  section  at  y  =  0,  the  current  density 
anywhere  is 
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The  body  force  on  an  element  bounded  by  x-y  planes  at  y  and  y  +  dy,  there¬ 
fore,  is 


=  B  j  dy 
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The  viscous  force  on  the  element  is 
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The  total  force  on  the  element  is 
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For  laminar  flow,  the  pressure  across  any  cross  section  perpendicular  to 
the  flow  must  be  constant.  This  requires  that 
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Writing  these  partial  differentials  as  total  differentials  in  accordance  with 
the  assumptions 
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The  solution  of  this  differential  equation  may  be  written 


V  =  cosh  a  y  +  sinh  a  y 
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where 
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Since  v  is  an  even  function  of  y 


Thus, 
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The  average  velocity  v  is 
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The  dimensionless  constant  a  a/2  is  called  the  Hartmann  number  (Ref.  19). 
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In  terms  of  the  Hartmann  number, 
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The  net  hydraulic  drag  exerted  on  the  fluid  per  unit  area  for  each  duct-fluid 
interface  is 
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for  both 


In  terms  of  pressure  drop  per  unit  length  of  flow  path 
duct-fluid  interfaces: 
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Equating  this  expression 

61, 


for  pressure  drop  to  the  expression  of  equation 
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Introducing  Reynolds  number  given  by  equation  64  and  equating  the  hydraulic 
diameter  D  to  twice  the  duct  height,  it  follows  that 
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For  large  values  of  N„,  this  expression  becomes 
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When  becomes  very  small,  approaching  zero,  (no  magnetic  field) 


V° 
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This  is  the  classical  expression  given  for  friction  factor  for  laminar  flow 
in  a  wide  rectangular  duct  (Ref.  21). 

Expressing  equation  80  in  terms  of  hydraulic  diameter  D, 
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5.  Cavitation  Considerations 

Cavitation,  the  phenomenon  of  formation  and  collapse  of  bubbles  in  a  liquid, 
is  generally  associated  with  centrifugal  pumps  and  propellers  and  has  been  the 
subject  of  extensive  analyses  and  experimentation  in  these  devices.  The  effect 
of  cavitation  may  be  either  a  deterioration  in  performance  or  physical  damage 
to  mechanical  parts,  or  both. 

Reasonable  correlations  of  net  positive  suction  head  (NPSH)  with  cavitation 
inception  and  cavitation  damage  have  been  obtained  for  centrifugal  pumps 
operating  with  water  and  liquid  metal  (Refs.  22  and  23).  Similar  criteria 
for  EM  pumps  have  not  been  well  established.  The  duct  passage  of  an  EM  pump 
consists,  essentially,  of  an  inlet  section,  an  inlet  transition  region  in  which 
the  fluid  velocity  is  increased  in  magnitude  and  may  be  changed  in  direction, 
a  pumping  region  in  which  the  fluid  is  acted  upon  by  the  electromagnetic  field, 
an  outlet  transition  region  leading  to  the  pump  outlet,  and  a  pump  outlet 
section.  Thus,  flow  in  EM  pump  passages  can  be  considered  as  similar  to  flow 
through  venturi  type  duct  passages.  Some  insight  concerning  the  cavitation 
performance  of  EM  pumps  may  be  developed  by  considering  cavitation  test  data 
on  venturi  passages. 
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Cavitation  inception  data  on  venturi  type  passages  are  generally 
presented  in  relation  to  the  cavitation  number  a  ,  given  by  the  expression, 


a 
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where  P  is  the  ambient  static  pressure  in  the  free  stream,  is  the 

vapor  pressure,  p  is  the  mass  density  of  the  liquid,  and  v  is  the  velocity 
in  the  free  stream.  Holl  (Ref.  24)  reports  data  on  a  cavitation  tunnel  test 
section  with  a  cavitation  number  of  0.08.  Hammitt  (Ref.  25)  reports  data 
taken  on  a  venturi  test  section  showing  a  cavitation  number  of  approximately 
0.17  for  sonic  cavitation  and  approximately  0.06  for  visible  cavitation. 

The  flow  at  the  entrance  to  the  pumping  section  of  an  EM  pump  may  be  less 
uniform  than  that  in  such  test  sections,  since  it  may  be  affected  adversely 
by  fringing  electromagnetic  fields  and  a  less  favorable  transition  configuration. 
Thus,  the  range  of  cavitation  numbers  cited  above  probably  represents  a 
minimum  for  EM  pumps  and  typical  values,  even  for  carefullv  designed  pumps, 
may  be  considerably  higher. 

The  total  pressure  necessary  to  avoid  cavitation  may  be  expressed 
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where  is  the  total  pressure  (static  plus  dynamic)  present  at  the  pump 

entrance;  Pj,  is  the  pressure  loss  between  the  pump  entrance  and  the  first 
point  in’ the  pumping  section  at  which  a  positive  pressure  gradient  is  developed; 
Pg  is  the  peak  value  of  any  negative  pressure  caused  by  electromagnetic  end 
conditions.  In  an  ac  pump,  Pg  may  have  both  an  average  and  a  pulsating 
component.  In  a  dc  pump,  it  can  have  no  pulsating  component.  The  total 
pressure  minus  the  vapor  pressure, Pt  -  P^, corresponds  to  NPSH.  For  turbulent 
flow,  Pl  be  written  in  terms  of  velocity  head  as 
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It  is  difficult  to  generalize  on  the  pressure  loss  between  the  pump  inlet 
and  the  entrance  to  the  pumping  section  since  it  depends  upon  the  configuration. 
The  pressure  loss,  however,  is  probably  less  than  that  associated  with  a  sudden 
contraction  between  the  two  regions.  For  turbulent  flow,  McAdams  (Ref,  17) 
gives  values  of  the  contraction  loss  coefficient  k^  ranging  from  zero  to  0.5 
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depending  upon  the  area  ratio,  i.e.,  the  ratio  between  velocity  at  the 
pump  entrance  and  the  velocity  in  the  pumping  section.  Additional  viscous 
loss  in  the  passages  between  pump  inlet  and  pumping  section  entrance  tend 
to  increase  by  an  amount  depending  upon  the  configuration. 

The  value  of  depends  primarily  upon  the  detailed  design  of  the 

inlet  end  of  the  pumping  section  of  the  pump,  including  pole  shape,  winding 
distribution,  and  insulating  baffles  in  the  fluid  stream.  In  a  particular 
design,  it  is  dependent  upon  the  voltage  (or  current),  frequency,  and  fluid 
velocity  and  resistivity.  Although  no  general  values  for  may  be  given 

with  assurance, the  calculated  value  at  the  design  point  for  the  linear  induction 
pump  installed  in  the  Experimental  Breeder  Reactor-II  secondary  loop  (item  1, 
Table  24),  was  slightly  less  than  one  psi.  It  is  convenient  to  rewrite 
equation  90  as  follows  . 
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where  P^  represents  an  apparent  increase  in  vapor  pressure  of  the  fluid,  and  K  is 
a  pump  cavitation  parameter.  From  the  preceding  discussion,  it  appears 
that  the  value  of  both  CT  and  will  probably  be  approximately  0.4. 

Using  this  estimate,  equation  92  becomes 
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where  P^  is  expected  to  be  approximately  one  psi  or  2  to  3  ft  of  head 
for  most  alkali  metals. 


Reference  26  reports  cavitation  test  data  on  a  flat  linear  induction  pump 
rated  at  1200  gpm,  37  psi^  700°F  sodium.  Figure  34  is  reproduced  for  that 
reference.  This  figure  shows  test  data  for  the  relationship  between  flow 
(or  fluid  velocity)  and  a  cavitation  parameter  which  the  authors  defined 
as  the  ratio  of  the  total  head  to  the  velocity  head  at  the  point  of  incipient 
cavitation.  The  data  presented  in  Figure  34  were  taken  with  sodium  at  700°F. 
At  this  temperature,  the  vapor  pressure  is  less  than  0.01  psi. 
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From  equation  92,  the  ratio  of  total  head  to  velocity  head  may  be  written 


94 


In  Figure  34^  the  left  side  of  equation  94  is  plotted  against  flow  (proportional 
to  velocity)!  From  the  figure,  it  may  be  deduced  that  P^/ P  g  is  quite  small, 
approximately  3  ft. 

The  foregoing  discussion  deals  exclusively  with  the  inception  of 
cavitation.  Pressure  in  EM  pumps  is  developed  by  body  forces  exerted  on 
the  fluid  by  electromagnetic  interaction,  and  the  pressure  gradient  is 
approximately  constant  throughout  the  pump  section.  The  degree  of  cavitation 
tolerable  will  probably  be  limited  by  mechanical  damage  to  the  duct  walls. 

The  conduction  pumps  have  a  special  problem  in  that  cavitation  apparently 
is  intensified  in  the  areas  where  the  bus  bars  contact  the  duct  walls.  Severe 
damage  to  the  duct  has  been  experienced  in  conduction  pumps,  probably 
because  of  high  ohmic  heating  in  that  area.  No  evidence  of  cavitation  damage 
has  been  reported  for  the  several  induction  pumps  tested.  However,  comprehensive 
tests  are  needed  to  provide  sound  criteria  for  the  design  of  EM  pumps  for 
applications  requiring  low  NPSH.  Until  the  test  data  are  available,  careful 
design  of  the  hydraulic  inlet  region  should  permit  cavitation  free  operation 
as  long  as  the  NPSH  is  at  least  twice  the  velocity  head  at  the  entrance  to 
the  pumping  section 


6.  Reliability 


An  inherently  high  reliability  is  the  strongest  virtue  of  the  EM  pump  for 
alkali  metals  systems.  Simplicity  assists  most  in  providing  this  high 
reliability.  Other  contributing  factors  include;  no  moving  parts,  no  bearing, 
no  seals,  and  fully  hermetic  containment  of  the  pumped  fluid.  Electromagnetic 
pumps  of  certain  types,  however,  have  failed  in  service  and  these  failures 
demonstrate  certain  reliability  problems  that  must  be  considered  in  pump 
selection  and  design. 

In  the  initial  selection  of  EM  pump  types,  reliability  comparison  has 
served  as  a  guide.  Here,  the  number  of  failure  mechanisms  and  the  severity 
of  failure,  together  with  experience  in  conventional  EM  pumps,  have  been  the 
key  considerations.  These  considerations  are  reviewed  below. 
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1)  Loss  of  pump  cooling  would  adversely  affect  any  of  the  pumps  by 
increasing  coil  resistivities,  reducing  magnetic  material  performance, 
and  deteriorating  electrical  insulation.  The  polyphase  configurations 
would  be  most  susceptible,  however,  because  of  the  greater  complexity 
of  coils  and  electrical  insulation  systems  and  their  proximity  to  the 
hot  duct. 


2)  Interruption  of  flow  in  the  duct  is  most  damaging  to  the  conduction 
type  pump  because  of  the  high  current  density  at  the  duct-to-bus  connection. 
Fluctuations  in  flow  can  cause  sudden  local  temperature  excursions  because  of 
the  high  ohmic  heating  at  the  joint  between  the  current  conductor  and  duct 
wall.  This  type  failure  is  common  in  conduction  pumps  operating  at  high 
temperatures  and  low  NPSH  and  usually  results  in  duct  leakage  at  the  electrode 
connection. 

3)  Pressure  fluctuations  across  the  duct  walls  can  fatigue  the  duct. 

The  duct  configuration  most  susceptible  is  the  flat  induction  pump  where  the 
mechanical  arrangement  allows  duct  wall  support  against  internal  pressure 

Reversal  of  the  pressure  can  deform  the  duct.  Very  large  conduction 
pumps  have  a  similar  duct  weakness  and  are  also  subject  to  this  problem. 

Pumps  operating  on  single  phase  power  experience  greater  pulsation  in  their 
developed  head  than  other  types  of  pumps. 

4)  Overpressure  inside  the  duct  is  not  a  serious  threat  to  any  of  the 
pumps  since  the  ducts  can  be  designed  for  the  same  pressure  as  other  components 
in  the  loop.  However,  some  configurations  of  the  moving  magnet  pump  make 
mechanical  support  of  the  duct  difficult.  If  deformed,  the  duct  may  interfere 
with  the  rotor  and  thus  cause  pump  failure. 

Qvertemperature  in  the  pumped  fluid,  probably  applicable  only  to  the 
primary  coolant,  would  reduce  the  performance  and  life  of  all  types  of  pumps. 
The  conduction  pump,  however,  would  be  most  immediately  affected  and  failure 
would  probably  involve  the  duct-to-bus  connection. 

Mechanical  shock  poses  a  serious  threat  to  the  moving  magnet  pumps 
because  of  the  weight  and  complexity  of  the  rotating  magnetic  structures. 

For  adequate  performance,  such  pumps  require  a  close  clearance  between  the 
rotor  and  duct  wall.  Misalignment  could  result  in  a  contact  between  the  rotor 
and  the  duct  wall. 


lubricant  or  seal  failure  is  applicable  only  to  the  moving 
magnet  pumps ^and  the  failure  mechanism  is  obvious. 

The  preceding  review  indicates  that  as  a  class,  the  induction  pumps  have, 
potentially,  the  highest  reliability.  It  must  be  recognized,  however,  that 
single  phase  induction  pumps  are  relatively  unknown  since  no  operating 
experience  is  available  to  guide  the  reliability  analyses.  On  the  other  hand, 
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much  favorable  experience  has  been  accumulated  on  polyphase  induction  pumps. 


In  addition  to  providing  a  guide  for  selection,  the  foregoing  discussion 
also  points  up  those  areas  of  weakness  where  design  and  development  can 
mitigate  or  even  eliminate  the  weakness.  For  example,  the  development  of 
a  higher  temperature  insulation  system,  allowing  the  polyphase  pump  windings 
to  reject  heat  to  the  1200  pumped  fluid,  would  substantially  eliminate 
damage  caused  by  loss  of  cooling.  Or,  as  another  example,  the  development 
of  better  duct  connections  could  substantially  improve  reliability  of  the 
conduction  pumps.  Further  reliability  study  must  await  more  detailed  pump 
designs.  Final  proof  of  reliability  must  be  obtained  through  endurance 
testing. 

7.  Choice  of  Pump  Types  for  Analysis 

The  foregoing  survey  indicated  that  EM  pumps  can  be  designed  in  a  large 
number  of  types  and  configurations.  Detailed  analysis  of  all  types  to  insure 
the  best  selection  for  each  application  would  be  a  prodigious  task.  But 
many  of  the  pumps  discussed  in  the  survey  had  one  or  more  characteristics 
unacceptable  for  space  power  applications  and,  thus,  were  disqualified  from 
further  consideration.  To  aid  in  this  first  selection,  the  pumps  were 
classified  into  ten  basic  types.  Figure  35  illustrates  the  method  of 
classification.  The  first  level  of  division,  which  separates  pumns  by  the 
manner  in  which  current  is  introduced  into  the  fluid,  establishes  two  main 
classes,  i.e.,  conduction  and  induction.  Next,  the  form  of  the  power  is 
considered.  Under  conduction  pumps,  two  forms  are  possible;  under  induction 
pumps,  three  forms.  Finally,  the  last  division  is  made  on  the  basis  of  the 
magnetic  field  or  the  shape  and  arrangement  of  the  fluid  passages  within  the 
f ield . 

Comparing  the  pump  characteristics  within  the  two  main  divisions^  the 
conduction  pumps  are  less  attractive  because  of  reliability  and  power 
conditioning  difficulties.  However,  the  electromagnetic  dc  conduction  pump 
should  provide  minimum  weight  and  maximum  efficiency.  The  dc  conduction 
pump,  therefore,  was  carried  through  the  full  detailed  analysis  and  final 
selection  process  as  a  standard  of  comparison.  Other  conduction  pumps  were 
discarded. 

Among  the  induction  pumps,  the  moving  magnet  types  were  discounted  since 
the  presence  of  moving  parts  introduces  additional  modes  of  failure  not 
burdening  the  static  types.  Finally,  the  spiral  polyphase  pump  was  eliminated 
because  it  serves  the  same  applications  as  the  helical  polyphase  type,  with 
no  advantage,  but  with  additional  problems  in  design  and  manufacture. 
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C.  Performance  Prediction  Procedures 
1 .  Direct  Current  Conduction  Pump 

Analyses  of  the  performance  of  direct  current  conduction  EM  pumps  appear 
in  several  references  (Refs.  27  through  30).  Since  none  of  the  references 
provide  sufficient  detail  for  complete  design  and  performance  calculation, 
an  analysis  was  completed  and  is  the  basis  for  the  conduction  pump  design’ 
and  performance  data  given  in  this  report.  The  analysis  is  summarized  in 
this  section.  Any  consistent  system  of  units  may  be  used  in  the  analysis. 

The  conduction  EM  pump  configuration  considered  is  shown  in  Figure  36, 
Excitation  is  provided  by  a  series  winding  of  N  turns  carrying  the  total  current 
I  .  The  pump  may  be  either  compensated  or  uncompensated.  For  compensated 
pumps,  the  compensation  is  assumed  to  be  perfect,  although  this  is  difficult 
to  achieve  in  practice.  The  gross  effects  of  the  current  and  flux  fringing 
into  the  fluid  and  duct  walls  outside  the  pumping  section  are  considered,  but 
the  interrelationships  between  the  fringing  current  and  flux  fields  are 
neglected. 

The  equivalent  circuit  in  Figure  37  is  used  as  an  aid  in  developing  the 
analysis  and  calculating  pump  performance.  Using  Figure  37,  the  pump 
current  I  may  be  regarded  as  the  sum  of  three  components:  ,  which 

passes  through  the  fluid  in  the  pumping  section;  ,  which  is  the  total 

fringing  current  in  the  fluid  (outside  the  pumping  section) ;  and  I ,  ,  which 
is  the  current  in  the  duct  walls.  The  current  in  the  pumping  section 
is  opposed  by  a  generated  voltage  Vg  caused  by  the  motion  of  the  fluid 
in  the  magnetic  field.  The  resistances  of  the  fluid  in  the  pumping  section, 
the  fluid  fringing  region,  and  the  duct  walls  are  ,  R^^  ,  and  R , , 
respectively.  The  resistance  of  the  circuit  external  to  the  pump  duct  R 
consists  of  electrodes,  exciting  winding,  leads,  and  all  associated  parts. 

The  calculation  of  the  resistances  Rf  ,  Rf^.  ,  and  R^  is  discussed  in 
several  references  (Refs.  27,  28,  29,  31,  32).  The  approach  used  in  this 
analysis  is  similar  to  that  used  by  Blake  (Ref.  27)  and  Watt  (Ref.  28). 

These  resistances  are  defined  as  follows: 
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Blake’s  Figure  13  (Ref.  27)  and  Watt's  Figure  11  (Ref.  28)  are  suitable 
for  evaluation  of  the  constants,  k^^  ,  krfr>  ^rd  *  calculation 
of  Rq  is  straightforward. 

Flow  Q  and  developed  pressure  P  are  given  by 


Q  =  abv  98 

P  =  P  +  P  99 

o  h 

Pq  is  the  net  pressure  output  of  the  pump.  Hydraulic  pressure  drop  Pj^ 
may  be  calculated  from  Section  III.B,4. 

Inspecting  Figures  37  and  38,  the  following  relationships  may  be  written 
for  a  fully  compensated  pump. 
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where  and  are  armature  reaction  constants.  Both  are  1.0  for  fully 
compensated  pumps.  The  analysis  will  demonstrate  that  these  equations 
hold  for  uncompensated  pumps.  Expressions  for  and  kar  will  be  developed. 
The  relationships  of  equations  95  through  103  plus  expressions  for  k^  and 
kar  »  used  in  conjunction  with  elementary  analysis  of  the  circuit  in  Figure 
37,  are  sufficient  for  calculating  the  performance  of  dc  conduction  pumps. 

The  development  of  expressions  for  k^  and  kg^  requires  consideration  of 
the  differential  relationships  between  the  electromagnetic  quantities  in  the 
pumping  section,  shown  in  Figure  38.  Considering  only  the  y  component  of 
magnetic  field  strength,  the  x  component  of  current  density,  the  z 
component  of  velocity,  and  neglecting  all  variations  of  these  quantities 
with  X  and  y  , 


Bz 


a  .  d 

-i  ^  T 


104 


^  _  |Jv 

B  z  B  z 


105 


The  solutions  of  equations  104  and  105  are 
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The  constants  Kj  and  Kg  may  be  expressed  in  terms  of  the  average  values 
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Recognizing  that 
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The  validity  of  equation  101  for  uncompensated  pumps  may  be  tested  by 
examining  the  expression 


=  b  (UHv  +  p.  j)  114 
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Substituting  equations  112  and  113  in  this  expression  yields 
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This  justifies  the  use 
equivalent  circuit,  the 
current  fringing  at  the 


of  equation  101  for  uncompensated  pumps.  In  the 

is  replaced  by  R^  from  equation  95  to  account  for 
ends  of  the  pumping  section. 
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It  is  necessary  to  relate  to  the  exciting  m.m.f 
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From  Figure  38,  it  may  be  shown  that  ,  approximately, 
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Thus,  from  equations  118  and  120, 
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From  equations  116  and  122,  confirming  equation  99, 
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The  electrical  pressure  is 
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Substituting  from  equations  112  and  113,  integrating,  and  rearranging. 
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Then,  as  in  equation  102,  if 
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Substituting  from  equation  122  in  equation  128 
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circuit  in  Figure  37. 
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_ 

1 

-  k 

V 

1 

R 

i  fr 

1 

I 

1 

+  R,  1 

1 

1^" 

1 

fr 


k 


1  +  R 


fr 


1  \ 


k 


I  1  1 

1  k "  R- 

\  f  fr 


129 


equivalent 


130 


131 


132 


133 


134 


-57- 


This  completes  the  calculation  of  armature  reaction  effects 

Pump  output  and  hydraulic  loss,  in  watts,  where  Q  and 

P  are 

gallons  per  minute  and  pounds  per  square  inch,  respectively, 

>  are 

W  =  0.435  P  Q 

o  o 

135 

=  0.435  P^Q 

n  n 

136 

The  various  electrical  losses  in  the  pump  may  be  calculated 
from  the  equivalent  circuit  in  Figure  37. 

convenient ly 
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The  fluid  loss  in  the  pumping  section  is 

W  =  V,  I.  -  (w  +  w, 
f  d  f  (  o  h| 

140 

The  power  input  is 
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Relationships  sufficient  for  performance  calculation  of  both  compensated 
and  uncompensated  conduction  pumps  have  now  been  developed.  The  procedure 
is  summarized  as  follows  for  an  assumed  configuration  and  fluid  and  the 
desired  pressure  and  flow: 

1)  Calculate  all  parameters  for  the  circuit  in  Figure  37, 

2)  Calculate  P  from  equation  99. 

3)  Calculate  the  total  current  I  .  For  compensated  pumps, 

^b  =  =  1.0.  Hence,  this  calculation  may  be  made 

direotly  using  equations  130,  132  and  103.  For  uncom^ 
pensated  pumps,  an  iterative  calculation  is  required 
between  equations  123,  130,  132,  133,  and  134  and  for 
k|3.  Current  I  may  then  be  calculated  directly  using 
equations  123,  129,  130,  132,  133,  134  and  103. 

4)  Magnetic  calculations  for  fringing  flux  density  in  the 
magnet,  m.m.f.  drop  in  the  magnet,  exciting  winding 
length,  etc,  should  be  made  by  standard  procedures. 

5)  Calculate  all  losses  in  accordance  with  equations  135 
through  141. 


2.  Polyphase  Induction  Pumps 


In  Section  III, A, 4  the  basic  polyphase  induction  pumping  configurations 
are  described  and  illustrated.  In  Section  V,  preliminary  designs  and 
performance  prediction  calculations  are  reported  for  three  of  these  config¬ 
urations:  flat  linear,  annular  linear,  and  helical  induction  pumps.  These 

calculations  were  made  with  computer  programs  developed  during  the  past 
fifteen  years  and  used  much  of  that  time  in  the  design  of  induction  pumps 


Reference  27  gives  an  excellent  development  and  presentation  of  the  basic 
electromagnetic  relationships  in  polyphase  induction  pumps.  Helical  (spiral), 
flat,  and  annular  pumps  are  considered.  A  more  detailed  and  thorough  analysis 
of  flat  induction  pumps  is  given  in  Reference  33,  which  treats  both  transverse 
end  (side)  effects  that  arise  when  an  end  ring  is  not  present  at  the  duct 
sides  and  longitudinal  end  effects  caused  by  the  discontinuities  in  the 
magnetic  field  at  the  ends  of  the  pumping  section.  Reference  34  is  a  math¬ 
ematical  analysis  of  longitudinal  end  effects  in  flat  linear  induction 
generators  in  which  the  assumed  exciting  current  sheets  extend  uniformly 
over  the  entire  length  of  the  generator.  Reference  35  reports  a  very  detailed 
treatment  of  longitudinal  end  effects.  Extensive  numerical  calculation  is 
involved,  and  the  results  are  not  directly  applicable  to  the  general  case 
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The  performance  prediction  procedure  used  in  the  calculation  of  helical 
induction  pump  performance  was  developed  during  the  past  five  years.  This 
procedure  takes  into  account  the  end  effects  caused  by  imperfect  end  rings  at 
the  axial  extremities  of  the  pumping  section;  end  effects  caused  by  discontin¬ 
uities  in  electromagnetic  body  force  at  the  ends  of  the  helical  flow  passages; 
the  negative  pressure  gradient  caused  by  the  axial  velocity  of  the  ui  m 
magnetic  field;  the  effect  of  the  curvature  of  the  configuration  on  the 
magnetic  field;  the  principal  mutual  effects  of  the  various  duct  wall 
stator  can,  and  fluid  currents.  Other  refinements  frequently  neglected 
in  approximate  performance  calculation  procedures  are  also  incorporated 
here.  This  procedure  has  been  used  in  conjunction  with  the  design  o 
helical  induction  pumps  operative  since  1962.  Highly  successful  operation 
of  these  pumps  confirms  the  validity  of  the  performance  prediction  procedure. 

The  performance  prediction  procedure  used  in  the  calculations  of  annular 
and  flat  induction  pump  performance  evolved  from  the  development  of 
large  flat  induction  pumps  used  in  the  nuclear  submarine  USS  Seawolf.  It 
has  been  employed  in  calculating  performance  of  the  pump  used  in  the 
Experimental  Breeder  Reactor-II  secondary  loop  and  in  numerous  other 
applications  of  flat  electromagnetic  stators.  Presently,  the  procedure 
is  programmed  for  digital  computer  calculation  and  the  calculations  ^epo^t© 
here  were  made  by  computer.  The  side  effects  caused  by  imperfect  end  ring  , 
the  end  effects  caused  by  the  discontinuities  of  the  electromagnetic  field 
at  the  axial  extremities  of  the  pumping  section,  the  effect  of  the  air  gap 
to  pole  pitch  ratio  on  the  electromagnetic  field  distribution,  and  the  mutua 
effects  of  stator  can  and  fluid  currents  are  taken  into  account. 


Temperature  distribution  calculations  for  the  windings  of  helical,  flat, 
and  annular  induction  pumps  were  also  developed  and  programmed  for  computer 
solution  before  this  study  was  initiated.  The  calculations  of  winding 
temperature  and  heat  transferred  to  the  coolant  reported  in  Section  V  were 
made  by  using  these  computer  programs. 


The  basic  induction  pump  relationships  are  developed  in  the  following 
brief  analysis.  An  idealized  pump  without  side  and  end  effects  is  considered, 
since  treatment  of  these  effects  exceeds  the  scope  of  this  report.  The 
configuration  considered  is  shown  in  Figure  39.  Polyphase  ac  currents  are 
supplied  to  distributed  windings  to  produce  a  traveling  wave  of  m.m  f.  across 
the  magnetic  gap.  It  is  convenient  to  replace  the  distributed  exciting  winding 
with  a  traveling  current  sheet  which  produces  a  space  fundamental  m.m. f.  equal 
to  that  produced  by  the  excited  winding.  The  linear  current  density  in  the 
current  sheet  is  sinusoidally  distributed  with  a  maximum  value  A,  where 
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m  IS  the  number  of  phases,  ki  is  the  winding  pitch  and  distribution 
factor,  Nig  is  the  ampere  turns  per  pole  per  phase  in  the  stator 
winding,  and  X  is  the  pole  pitch.  The  current  sheet  may  be  expressed 
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Neglecting  variations  in  H  and  z  with  y  and  x  and  all  components 
except  Hy  and  ,  and  assuming  a  uniform  velocity  v 
o  e  fluid  in  the  z  direction,  the  electromagnetic  field  relationships 
are  expressed  by  the  following: 
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equations  145,  146  and  147  may  be  combined  to  give 
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Assuming 
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equation  149  may  be  solved  for  ,  giving 
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and  slip  s  is 
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The  current  density  in  the  fluid  may  be  evaluated  from  equations  146  and 
151,  assuming 
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The  total  pressure  imparted  to  the  fluid  by  the  electromagnetic  field, 
which  is  the  output  pressure  plus  the  hydraulic  pressure  drop,  is  given  by 
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Where 
may  be 

c  is  an  integral  number  of  pole  pitches, 
written  directly  from  equation  155; 

the  time  average  of 
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Then,  substituting  for 


from  equation  151, 
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The  flow  rate  may  be  written 


Q  =  abv  =  abuu  (1  -  s)  159 


Neglecting  hydraulic  pressure  drop,  the  power  output  is  given  by  the 
product  of  equations  158  and  159, 
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The  power  and  reactive  volt  ampere  inputs  to  the  magnetic  gap  may  be 
calculated  from  the  expressions 
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The  choice  of  sign  in  equation  162  is  arbitrary.  At  the  location  of  the 
current  sheets,  the  following  applies 
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Using  equations  150  and  163  and  assuming  no  variations  of  E  with  x  , 
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Substituting  expressions  for  Ej^  and  ,  from  equations  164  and  151,  into 
equations  161  and  162  and  simplifying,  gives  the  expression: 
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The  above  treatment  completes  the  development  of  the  relationships  between  an 
exciting  current  sheet  and  the  fluid  and  duct  walls  in  an  ideal  induction  pump. 
The  current  sheet  is  related  to  the  pump  winding  by  equation  143.  For  any 
chosen  stator,  the  winding  loss,  iron  loss,  and  winding  reactive  volt-amperes 
may  be  calculated  by  standard  procedures.  With  this  information  and  the 
preceding  relationships,  complete  pump  performance  may  be  calculated. 


In  an  actual  pump,  end  and  side  effects  degrade  pump  performance  relative 
to  an  ideal  pump.  As  indicated  earlier,  some  of  these  effects  have  been 
treated  adequately  in  the  literature  (Refs.  27,  33.  34,  35).  For  others, 
particularly  the  longitudinal  end  effect,  no  satisfactory  general  solution 
is  available.  The  field  equations  for  specific  pump  configurations  and  flow 
conditions  have  been  integrated  numerically  to  evaluate  longitudinal  end 
effects.  General  design  guides  may  be  established  by  further  use  of  this 
technique . 


3 .  Single  Phase  Induction  Pump 

An  analysis  of  a  single  phase  induction  pump  with  an  annular  duct  by 
D,  A.  Watt  was  published  as  a  classified  document  in  1953.  A  declassified 
edition  was  published  in  1956  (Ref.  36).  The  configuration  treated  in  these 
references  is  shown  in  Figure  40,  A  more  compact  configuration,  developed 
during  the  course  of  this  EM  pump  design  study,  is  shown  in  Figure  41. 

From  an  electromagnetic  viewpoint,  this  configuration  is  equivalent  to  that 
studied  by  Watt.  It  is  more  compact  and  more  symmetrical  and,  hence,  better 
suited  to  space  application  where  size,  weight,  and  volt-ampere  requirements 
must  be  minimized.  As  illustrated  in  Figure  41  both  the  duct  and  the  exciting 
coil  are  annular  in  form.  The  basic  magnetic  flux  pattern  is  axial  and  radia] 
and,  therefore,  the  laminations  must  be  oriented  with  their  major  dimensions 
lying  in  planes  passing  through  (or  near)  the  axial  centerline  of  the  pump. 

To  minimize  hydraulic  and  electromagnetic  inlet  and  exit  losses,  multiple 
inlet  and  outlet  pipes  are  desirable.  The  symmetry  of  this  configuration  is 
such  that  the  complex  arrangement  of  chokes,  described  by  Watt,  to  minimize 
circulating  currents  in  the  configuration  in  Figure  40  is  unnecessary,  provided 
entry  and  exit  pipes  are  arranged  with  appropriate  symmetry. 

Figures  42  and  43  illustrate  other  compact  single  phase  induction  pump 
configurations  similar  to  that  in  Figure  41.  The  Type  B  configuration  in 
Figure  42  is  somewhat  more  compact  than  Type  A,  but  this  compactness  is 
achieved  at  the  expense  of  poorer  performance.  The  Type  C  configuration 
shown  in  Figure  43  has  exciting  coils  located  at  each  end  of  the  annular  duct. 

When  these  coils  are  connected  with  their  magnetomotive  forces  aiding, 
considering  axial  flux.  Type  C  is  equivalent  to  two  Type  A  pumps  hydraulically 
in  parallel.  Similarly,  when  the  coils  are  connected  with  their  magnetomotive 
forces  opposing,  Type  C  is  equivalent  to  two  Type  B  pumps  hydraulically  in  paral- 
lel.  In  either  case,  pumping  is  from  the  ends  of  the  duct  toward  the  middle. 
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Compared  with  Types  A  and  B,  Type  C  pump  does  not  appear  to  have  any 
significant  advantages. 

The  analysis  of  the  performance  of  Type  A  and  B  single  phase  induction 
pumps  proceeds  along  similar  lines  and  is  executed  concurrently  below.  Throughout  this 
analysis,  the  following  assumptions  are  made: 

1)  The  annular  duct  and  air  gap  configuration  may  be  treated  as 
an  equivalent  rectangular  configuration  as  shown  in  Figure 

44.  This  introduces  negligible  error  since  the  duct 
diameter  is  normally  several  integral  multiples  of  the 
air  gap  radial  height. 

2)  The  flux  density  in  the  air  gap  has  a  y  component  only. 

3)  The  fringing  flux  field  at  each  end  of  the  duct  is  negligible. 

4)  The  permeability  of  the  magnetic  core  is  assumed  infinite 
during  the  analysis  of  the  air  gap  region.  A  correction 
for  m.m.f.  drop  in  the  core  may  be  made  later. 

5)  Fluid  and  duct  walls  are  isotropic  and  nonmagnetic  with 
permeabilities  the  same  as  free  space. 

6)  The  fluid  velocity  has  an  x  component  only  and  is 
independent  of  y  and  z  . 

Root  mean  square  values  are  used  for  all  sinusoidally  varying  quantities. 

Any  consistent  system  of  units  may  be  applied  in  the  analysis. 


The  following  basic  relationships  may  be  written  for  the  configuration  in 
Figure  44, 
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For  an  assumed  configuration  and  fluid  velocity,  equations  167  and  170  relate 
the  four  unknowns,  B,  ei,  jf,  and  .  They  may  be  combined  to  yield 

one  equation  in  one  unknown,  ^ 
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Assuming  the  exciting  voltage  sinusoidal  in  time  and  the  fluid  velocity 
constant,  the  system  is  linear  and  the  resulting  flux  is  also 
sinusoidal  in  time.  Thus, 
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For  convenience,  let 


174 


Then,  substituting  these  relationships  in  equation  171  and  dropping  the 
Re  jAj  designation,  in  the  conventional  manner,  equation  171  may  be  written 
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The  solution  of  this  equation  is 
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It  is  apparent  that 


The  terms  $  and  $  2  constants  which  depend  upon  the  boundary  conditions. 

It  is  convenient  to  proceed  with  the  analysis  of  the  pump  performance,  expressing 
the  performance  in  terms  of  these  constants.  They  will  be  evaluated  in  terms  of 
the  boundary  conditions  for  Type  A  and  B  pumps  later. 

Introducing  a  dimensionless  constant  ,  where 
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equation  176  may  be  written 
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Substituting  from  equation  180  into  equations  167,  168,  and  169, 
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The  pressure  developed  by  the  pump  is  given  by  the  product  of  the  flux 
density  and  the  current  density  in  the  fluid  integrated  over  the  length  of 
the  pump  duct.  The  average  value  of  the  pressure  is  given  by  the  expression 
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where  B*  is  the  complex  conjugate  of  B. 
Thus, 
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Equation  185  may  be  expanded,  integrated,  and  expressed  as  follows: 
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and  I  ^  I  means  the  absolute  value  of  $ 

From  Figure  44  it  is  apparent  that  the  total  flux  entering  the  duct  is  the 
value  of  the  flux  at  x  =  0  and  that  the  total  m.m.f.  produced  by  the  exciting 
coil,  neglecting  iron  drop,  may  be  written  in  terms  of  the  air  gap  flux 
density  at  x  =  0  and  the  m.m.f.  produced  by  the  inlet  duct  header.  Thus, 
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From  equation  181, 
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The  power  input  to  the  air  gap  region  may  be  written 


W  =  Re  (  M  ^ 
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From  equation  180, 
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Then,  substituting  from  equations  190  and  192  into  equation  191, 
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In  a  similar  manner,  the  reactive  volt-amperes  associated  with  the  air 
gap  region  may  be  written 
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Where  and  are  exciting  coil  resistance  and  reactance  on  a  one 

turn  basis,  expressions  for  coil  loss  and  reactive  volt-amperes  may  be 
written 
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W  =  M  ^  X  197 
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Equation  197  may  be  written  in  terms  of  the  geometric  permeance  A  of  the 
coil  leakage  flux  as 
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The  total  loss  is  given  by  the  sum  of  equations  193  and  196  and  the  total 
reactive  volt-amperes  is  given  by  the  sum  of  equations  195  and  198.  Thus, 
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Power  output  is  the  product  of  developed  pressure  and  flow, 
consistent  units,  efficiency  T]  may  be  written 
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Power  factor 


PF  and  turn  voltage  are 
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The  analysis  is  now  complete  except  for  further  consideration  of  the 
constants  and  ,  which  were  defined  by  equation  180,  i.e., 
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A  boundary  condition  is  common  to  both  pumping  configurations  Type  A  and  B; 
i.e.,  the  total  flux  entering  the  duct  is  the  value  of  $  at  x  =  o. 

This  condition  has  been  expressed  as 
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A  secondary  boundary  condition  is  imposed  at  the  outlet  end  of  the  duct,  at 
X  =  c.  For  pump  Type  A,  m.m.f.  relationships  for  a  closed  path  crossing  the 
duct  at  X  =  c  and  returning  to  the  starting  point  through  the  magnetic  core  to  the 
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right  of  the  duct  (Figure  44),  require  that 
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where  I  is  the  current  in  the  outlet  duct  header,  having  resistance  . 
Current  ^Ic  flows  by  virtue  of  the  voltage  induced  by  the  flux  at  x  =  c; 
hence; 
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Combining  equations  189  and  190  and  solving  for  C^, 


1 

a  +  i 

\UUl-LTTd 

1 

1 

C 

a  ^  i 

toU-hd 

2 

206 


For  pump  Type  B,  the  boundary  condition  at  x  =  c  is  more  obvious.  Neglecting 
fringing  flux,  the  flux  at  x  =  c  must  be  zero.  Thus,  from  equation  180, 
at  X  =  c, 
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The  equations  relating  the  performance  of  either  Type  A  or  B  pumps  to  the 
parameters  of  the  configuration  and  the  fluid  pumped  are 

The  equations  in  the  analysis  are  correct  in  any  consistent  system  of  u  . 
Constants  have  been  introduced  into  the  equations  listed  below  to  correspond 
^rthe  units  indicated.  Except  for  the  suffix  "a",  the  equations  have  numbers 
corresponding  to  those  in  the  analysis. 
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For  Type  A  pump 
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For  Type  B  pump, 
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It  follows  from  equations  180  and  181  that  the  flux  at  x  -  c  and 

gap  flux  densities  at  x  =  o  and  at  x  =  c  are 
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D.  Selection  of  Materials 


Fundamental  to  design  and  evaluation  of  various  electromagnetic  pump 
applications  is  the  selection  of  suitable  materials.  Complete  and  adequate 
information  was  not  available  on  all  materials  chosen.  Such  gaps  in  the 
literature  will  become  apparent  in  the  discussion  which  follows.  It  is 
not  feasible  to  include,  in  this  final  report,  all  the  voluminous  materials 
data  reviewed  throughout  the  study  program  nor  to  recount  all  details  of 
composition,  processing,  and  other  prior  history  for  the  materials  describea. 

Such  details  are  documented  in  the  cited  references  and  in  the  bibliography. 

The  information  is  also  limited  to  those  materials  properties  directly 
applicable  to  design  or  performance  calculation  or  those  essential  for  a 
materials  choice  for  the  selected  designs.  A  complete  literature  search 
or  reconciliation  of  anomalies  exceeded  this  program.  The  data  reviewed  in 
this  report  will  adequately  support  preliminary  design  work.  To  accomodate  final 
designs,  considerable  confirmation  testing  and  some  original  data  would  be 
required . 


jfr^e  classes  of  materialsl|which  directly  a^ect  the  design  and  construction 


of  electromagnetic  pumps  for  liquid  metals ^include: 
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I  0  Fluids 

•  Duct  Materials 

0  Magnetic  Materials 

•  Electrical  Conductors  and  Insulation 

•  Thermal  Insulation^j  J 


The  section  of  materials  was  limited  to  these  items.  The  choices  made 
were  intended  to  be  within  the  present  state-of-the-art  and  to  be  commercially 
available.  Current  work  by  Westinghouse  Electric  Co,  on  electric  space 
generator  materials  under  NASA  Contract  NAS  3-4162  had  not  been  fully  reported 
at  the  time  of  this  publication.  When  published  this  information  should  be 
a  valuable  reference  for  EM  pump  development  work.  Discussion  of  the  materials 
their  properties  and  the  choices  made  follows  in  the  sequence  cited  above.  In 
general,  the  tables  and  figures  show  the  references  from  which  the  information 
was  extracted. 


r 


Pumped  Fluids 


The  pertinent  fluids  and  their  respective  temperature  ranges  covered  in 
this  study  include: 


Liquid  Metal 

— - - - 

Temperature  Range 

frtf  0'^' 

NaK  78 

(1000°F-1300°F) 

Potassium 

(1000‘^F-1400^F) 

Lithium 

(1000°F-2000°F) 

Since  the  pumped  fluids  become  current-carrying  members  within  an  electro¬ 
magnetic  device,  the  resistivities  of  the  molten  alkali  metals  are  of 
primary  interest.  Viscosity  and  density  data  are  required  for  hydraulic 
calculations,  and  vapor  pressure  data  for  cavitation  considerations. 
Property  information  items  necessary  for  design  are  shown  in  Figures  45 
through  48,  and  enumerated  below: 


•  Resistivity  Vs.  Temperature 

•  Density  Vs,  Temperature 

•  Viscosity  Vs.  Temperature 

o  Vapor  Pressure  Vs,  Temperature 

No  information  has  been  obtained  regarding  the  wetting  capability  of 
the  liquid  metals  for  containment  materials.  Deem  and  Matolich  (Ref,  37), 
however,  noted  slight  irregularity  in  potassium  resistivity  measurements 
in  a  Cb-lZr  container  at  low  temperatures  which  disappeared  after  the  system 
was  brought  to  a  temperature  of  approximately  750^F.  Thus  it  was  suggested 
that  an  improvement  in  wetting  had  occurred.  Neither  has  any  information 
been  noted  regarding  the  influence  of  impurities  on  electrical  resistivity 
of  these  liquid  metals  other  than  efforts  by  Blake  et  al .  (Ref.  38),  which 
indicated  that  change  in  oxygen  concentration  had  only  a  minor  effect  on 
resistivity.  The  increase  in  resistivity  with  temperature  far  exceeds  the 
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effects  of  oxygen  concentration. 

Documents  reporting  original  work  on  the  measurement  of  properties  were 
consulted,  and  the  values  recorded  here  represent  those  believed  to  be  most 
accurate.  The  extended  temperature  data  of  Deem  and  Matolich  (Ref.  39) 
agrees  at  the  lower  temperatures  with  those  by  Kapelner  and  Bratton  (Ref. 

40) .  Because  of  agreement  between  the  data  in  references  39  and  40  on 
potassium  resistivity  and  the  similarity  in  method  used,  Kapelner 's  (Ref. 

41)  data  on  lithium  have  been  accepted  as  valid,  despite  an  approximate 

4%  disagreement  with  Freedman  and  Robertson  referenced  therein  and  despite 
radical  disagreement  with  the  single  point  value  of  17.81  u-ohm-in.  at 
446  given  by  Weatherford  (Ref.  42)  and  Lyon  (Ref.  43).  Difference  in 
concavity  (downward)  compared  to  the  other  metals  shown  is  unexplained. 

The  resistivity  of  NaK  (78)  shown  by  Weatherford  (Ref.  42)  has  been  accepted 
as  shown  because  no  reports  more  recent  than  his  references  have  been  found. 

The  data  compiled  by  Weatherford  appear  consistent  with  Kapelner 's  (Ref.  41) 
data  on  NaK  (46).  The  resistivities  of  a  stainless  steel,  reference  44,  and 
sodium,  reference  45,  are  shown  for  comparison.  These  data  are  shown  in  Figure 
45;  additional  information  is  presented  in  Table  4. 


TABLE  4.  CERTAIN  PROPERTIES  OF  SELECTED  ALKALI  METALS 

(Ref,  42) 


NaK  (78) 

Potassium 

Lithium 

Sodium 

Atomic  Weight 

39.10 

6.94 

22.99 

Melting  Point,  ®F 

12.0 

145.8 

357 

208 

Boiling  Point,  *^F 

1456 

1395 

2430 

1630 

3 

Density  of  Solid,  Ib/ft  , 
at  Melting  Point 

54.18 

53.69 

33.34 

60.62 

Surface  Tension,  Ib/ft, 
at  Melting  Point 

-8 

7.4  X  10 

0.0059 

0.027 

0.0131 

Density  and  viscosity  data,  necessary  for  hydrodynamic  and  other  calculations, 
are  shown  in  Figures  46  and  47.  The  only  interpretative  comment  is  that  the 
values  of  viscosity  stated  by  Hall  and  Blocher  (Ref.  46)  for  potassium  are  the 
highest  temperature  values  available  and  lie  within  the  extremes  of  previously 
documented  data 
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The  vapor  pressure  of  the  liquid  metal  is  significant  in  considering 
cavitation  problems.  Figure  48  presents  this  data,  Walling  and  Lemmon 
(Ref.  47)  and  Ewing  et  al.  (Ref.  48)  agree  substantially  on  potassium. 

No  recent  work  was  found  on  lithium  and  Stull’s  survey  data  (Ref.  49) 
was  combined  with  Weatherford’s  (Ref.  42)  data.  The  most  recent  information 
on  NaK  (78)  was  Weatherford’s  (Ref.  42)  survey.  Sodium  (Ref.  42)  is  shown 
for  comparison. 


As  design  sophistication  improves  and  as  experience  accumulates  in  the 
design,  construction,  and  operation  of  electromagnetic  pumps,  investi¬ 
gation  of  these  items  may  be  warranted; 


1)  Wetting  of  containment  material  by  alkali  metals  and 
contact  resistance. 


2)  Influence  of  dissolved  or  dispersed  materials  upon 
electrical  resistivity  of  liquid  metals. 


2.  Duct  Materials 


..  ..I  ^ 

I  The  choice  of  duct  material  for  the  electromagnetic  pump  is  predominantly 
governed  by  over-all  system  requirements  rather  than  pump  considerations 
alone.  Compatibility  with  all  other  materials  in  the  alkali  metal  system 
is  a  superseding  necessity.  The  main  factors  which  influence  the  material 
choice  are 


•  Fluid  to  be  Pumped 

•  Electrical  Losses  in  the  Pump 

•  System  Materials  Compatibility 

•  Fluid  Velocity 

•  Alkali  Metal  Corrosion, 

•  Temperatures  and  Temperature  Gradients 

•  Mechanical  Loads  and  Material  Strength 

•  Dissimilar  Thermal  Expansions 

•  Time  of  Exposure  at  Various  Temperatures 

•  Cyclic  Operation  I 


Although  considerable  information  exists  on  corrosion  of  the  containment 
materials,  because  of  the  high  temperatures  and  long  design  life  required 
here,  the  choice  of  alkali-metal  resistant  duct  materials  for  EM  pumps  is 
not  obvious.  Most  of  the  corrosion  test  information  is  based  on  static 
environment,  capsule  tests,  and  simple  refluxing  capsule  tests.  Thus,  the  materials 
choices  here  are  also  preliminary  and  require  further  confirmation  to  support 
detailed  design  work, 

A  consideration  of  containment  metal  corrosion  mechanisms  and  rates  under 
exposure  to  liquid  alkali  metals  at  elevated  temperatures  is  given  by 
Amateau  (Ref.  50)  and  by  DiSteffano  and  Hoffman  (Refs.  51  and  52).  The 
latter  emphasize  the  necessity  of  controlled  composition  in  both  containment 
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and  liquid  metal  materials,  particularly  with  regard  to  interstitial 
elements,  such  as  carbon,  nitrogen,  hydrogen  and  oxygen.  A  review  of  these 
three  reports  and  numerous  other  documents  led  to  the  tabulation  of  probable 
candidate  duct  materials  presented  in  Table  5.  System  compatibility,  corrosion, 
and  allowable  temperatures  were  considered  based  on  the  temperature  differentials 
in  the  systems  described  in  Section  IV. 


properties  of  duct  materials  which  are  of  primary  importance  to  the 
pump  designer  include: 

®  stlvity  //  /  /i 

o  Thermal  Expansion 
^ '^^Ten ^Te  Strength 
/Jjy  o* Propei^iej$, 

o  Stress  Rupture  Properties 
o  Magnetic  Permeability 


o  Fabricability 


U 


/  (/^ 


The  electrical  resistivity  of  the  duct  material  significantly  influences  the 
design  of  EM  pumps.  The  duct  material  is  electrically  in  parallel  with  the 
pumped  fluid;  it  is  desirable,  therefore,  to  have  high  resistance  duct  walls. 
Thus,  to  minimize  losses,  metallic  duct  walls  should  be  as  thin  as  is  consistent 
with  mechanical  considerations.  For  manufacturing  purposes  and  corrosion 
considerations,  it  is  recommended  that  the  wall  thickness  be  at  least  0.025 
inch.  Electrical  resistivity  data  versus  temperature  data  are  shown  in  Figure 
49.  The  resistivity  of  potassium  is  also  indicated  for  comparison. 


Measurements  of  electrical  resistivity  of  structural  materials  are  not 
frequently  made;  therefore,  fewer  data  are  available.  It  should -also  be  noted 
that  composition,  impurities,  and  chemical  or  metallurgical  conditions,  such  as 
grain  size  or  precipitation  upon  aging,  can  have  a  significant  influence  both  on 
electrical  resistivity  and  other  properties.  Such  differences  in  composition, 
etc.,  could  very  well  account  for  resistivity  data  differences  of  5%  or  higher 
such’as  those  between  Smith  (Ref.  53)  and  Weiss  (Ref.  54);  Kapelner  (Ref.  41) 
and  Weiss  .(Ref.  54);  and  Bennethum  (Ref.  55)  and  Haynes  (Ref.  56).  Tottle 
(Ref.  57)  shows  the  influence  of  oxygen,  zirconium  and  titanium  on  the  properties 
of  columbium. 


Regarding  the  choice  of  materials  for  data  presentation,  except  for  the  newer 
refractory  alloys,  (see  footnote,  Table  5),  and  the  improved  superalloys,  the 
materials  shown  are  well  documented  for  long-time  use  in 'alkali  metals.  The 
remaining  candidate  materials  shown  in  Table  5,  and  other  concurrently  under 
development,  (some  of  which  show  considerable  promise  of  improved  characteristics) 
have  not  yet  been  evaluated  in  alkali  metal  service  representative  of  space 
power  applications. 
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TABLE  5.  PROBABLE  DUCT  MATERIALS 


.OMn,  0.04P,  0.03S 


Figures  50  through  53  show  thermal  expansion,  tensile  yield,  elastic  modulus 
and  creep-ruture  for  representative  alloys.  Although  many  properties,  such  as 
rupture  and  creep,  are  properly  presented  as  bands,  lines  have  been  used  to 
approximate  median  values  to  avoid  confusion.  Density  and  melting  point 
data  on  some  of  the  duct  materials  are  presented  in  Table  6. 


TABLE  6.  DENSITY  AND  MELTING  POINT  OF  SOME  DUCT  ALLOYS 


Alloy 


Type 

316-L 


Property 

Till 

Cb-lZr 

L-605 

SS 

Mo-0, 5T; 

3 

Density,  Ibs/in, 

0.604 

0.31 

0.33 

0.29 

,367 

Melting  Point,  °F 

5400^ 

4350 

2425-2570 

2500-2550 

4370 

CL 

Estimated, 


As  cited  in  Section  V,  the  dc  electromagnetic  pumps  generally  have  the 
lowest  specific  weight.  However,  a  serious  state-of-the-art  limitation 
for  conduction  pumps  exists  in  the  electrical  connection  to  the  pump  duct. 
Realization  of  the  high  performance  of  dc  pumps  requires  the  use  of  copper 
or  a  material  of  similarly  low  resistivity.  The  difficulty  in  making  a 
reliable  metallurgical  bond  between  the  duct  material  and  the  conductor 
material  constitutes  a  problem. 

Copper  has  been  brazed  successfully  to  Type  316  SS.  Such  joints,  how¬ 
ever,  have  not  been  subjected  to  tests  adequate  to  qualify  them  for  these 
EM  pump  applications.  Electron  beam  welding  of  copper  to  Type  316  SS  with 
a  Monel  metal  insert  is  also  promising.  It  is  probable  that  welds  or 
brazes  of  copper  to  L-605  alloy  would  be  as  successful  as  those  of  copper 
to  Type  316  SS.  A  copper  to  Cb-lZr  diffusion  bonded  joint  showed  no  brittle 
intermetallic  zone  nor  interdiffusion  of  metals  when  subjected  to  a  100-hour, 
1600OF  isothermal  test  (Ref.  58).  How  this  joint  would  behave  under  thermal 
cycling  is  unknown.  Subsequent  brief  development  efforts  to  join  copper  to 
other  refractory  alloys  for  service  temperatures  above  approximately  ISOO^F 
have  not  been  particularly  encouraging;  prospects  for  other  high  conductivity 
metals  are  no  brighter.  Certainly,  similar  or  worse  joining  problems  would 
be  encountered  in  using  aluminum,  and  even  the  lower  design  duct  tempera¬ 
tures  are  dangerously  close  to  the  melting  point  of  aluminum. 
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In  addition  to  the  metallurgical  aspects  of  duct  to  conductor  joints 
cited  above,  the  high  temperature  mechanical  strength  of  copper  alone 
(with  the  possible  exception  of  dispersion  hardened  materials)  may  be 
insufficient  to  meet  the  requirements  of  a  hot  duct  to  conductor  connection. 
However,  the  containment  of  a  good  conductor  within  a  supporting  sheath, 
e.g.,  stainless  steel,  may  be  an  attractive  approach  to  the  problem.  (Some 
related  discussion  appears  subsequently  under  "Electrical  Conductors  and 
Insulation  ;  Figures  59  through  63  will  assist  in  the  consideration  of 
the  present  topic.) 

Possibly,  a  compromise  material  may  be  selected  for  the  electrical 
connection  to  the  duct;  for  example,  Mo-0.5Ti  alloy  has  adequate  high 
temperature  strength  and  moderate  thermal  conductivity,  with  significant, 
but  perhaps  not  unacceptable,  increase  in  electrical  resistivity.  Such  a 
joint  may  provide  an  optimum  compromise  between  a  mechanically  strong  joint 
and  acceptable  electrical  and  thermal  losses.  Although  such  a  joint  has 
not  been  required  previously,  it  is  conceivable  that  a  process  for  joining 
Mo-0.5Ti  to  the  other  candidate  duct  refractory  metals  could  be  developed. 

As  design  sophistication  increases,  or  as  the  needs  for  greater  accuracy 
and  weight  control  arise,  certain  deficient  areas  in  the  data  may  have  to 
be  resolved,  i.e., 

1)  Resistivity  of  duct  materials:  The  resistivity  data 
presented  are  adequate  for  present  purposes;  however, 
the  influence  of  prior  history,  condition,  and  compo¬ 
sition  upon  the  resistivity  of  the  materials  must  be 
determined . 

2)  Creep  and  stress  rupture:  There  is  considerable  variation, 
undoubtedly  influenced  by  differences  in  details  of 
composition,  manufacture,  forming,  heat  treatment,  testing, 
etc.,  in  the  reported  values  for  many  of  the  materials. 

The  effect  of  total  duct  material  on  electrical  losses  is 
significant  in  most  designs.  Therefore,  when  optimum 
flight  hardware  must  be  designed,  more  precise  information 
on  the  duct  material  will  be  needed. 

3)  New  materials:  As  the  corrosion  resistance  of  new  materials 
is  demonstrated,  information  on  properties  and  processing 
must  be  obtained.  For  example,  the  later  developmental 
columbium  alloys  promise  improved  high  temperature  strength 
over  Cb-lZr  while  simultaneously  retaining  good  corrosion 
resistance.  More  f abricability  and  creep  infonnation  is 
required,  however,  and  no  resistivity  data  appear  to  be 
available. 
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4)  New  processes:  Ducts  offering  lower  electrical  losses  and 
higher  thermal  resistance,  while  retaining  high  reliability, 
might  be  achieved  using  sandwich  structures.  More  intricate 
shapes  of  flow  passages  can  reduce  hydraulic  losses.  To 
exploit  the  potential  weight  advantage  of  the  conduction 
pump,  a  process  for  accomplishing  suitable  high  tempera¬ 
ture  metallurgical  bonds  between  a  good  electrical 
conductor  and  the  duct  material  should  be  developed. 


ifT', 


Magnetic  Material^  | 

The  dc  conduction  pump  can  be  designed  to  isolate  the  coils  and  most  of 
the  magnetic  material  thermally  from  the  liquid  being  pumped.  In  polyphase 
induction  pumps,  thermal  insulation  is  required  between  the  high  temperature 
liquid  metO^uct  and  the  stator  to  protect  the  windings  from  over  temperature . 
Generally, [the  designs  are  based  on  the  following  magnetic  material  conditions: 


Stator  Temperature 
Core  Temperature 
Atmosphere 


800  max. 

1600  max. 

Inert  Gas  at  ^15  psi 


Power  Input 


DC 

AC, 

AC, 


Single  Phase,  25-100  Cps 
3-Phase,  50-200  Cps 


It  is  anticipated  that  pumps  with  these  winding  and  stator  operating 
temperatures  are  first  generation  designs.  As  the  higher  temperature 
performance  of  insulation  systems  is  assured,  these  temperatures  may  be 
increased.  The  development  of  new  materials  and  new  insulation  systems 
may  also  permit  increased  temperatures . 


The  basic  principle  of  electromagnetic  pumping  requires  that  the  duct  and 
fluid  be  a  nonmagnetic  portion  of  the  pump’s  magnetic  circuit.  Thus,  electro 
magnetic  pumps  are  inherently  large  air  gap  devices.  Since  the  m.m.f.  re¬ 
quired  for  the  nonmagnetic  gap  is  much  greater  than  that  necessary  for  the 
rest  of  the  magnetic  circuit,  there  is  little  advantage  in  using  high  perme¬ 
ability  magnetic  materials.  Other  properties,  therefore,  were  examined  to 
guide  the  initial  choice.  Those  properties  of  soft  magnetic  materials  of 
interest  to  the  pump  engineer,  arranged  more  or  less  in  order  of  importance, 

include: 
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•  Curie  Temperature 

•  Aging  Characteristics 

•  Thermal  Conductivity 

9  Core  Loss  Vs.  Induction  Vs.  Temperature 

•  Volt-Amperes  Vs.  Induction  Vs.  Temperature 

•  Stress  Sensitivity 

•  Magnetic  Anisotropy 


The  state-o±-the-art  appropriate  to  the  materials  selection  for  this 
program  yields  a  less  than  optimum  amount  of  information  applicable  to  soft 
magnetic  materials.  Few  of  the  candidate  materials  have  been  tested  at 
elevated  temperature  in  the  absence  of  air  or,  in  some  instances,  to  a 
sufficiently  high  temperature.  Uncertainty  about  processing  details  makes 
reconciliation  of  anomalous  results  difficult.  Nevertheless,  there  is  a 
body  of  information  which  indicatesj^'eas  of  probable  success  and  the 
direction  for  future  development . ||  The  pertinent  materials  are  silicon-iron 
alloys  and  cobalt-iron  alloys.  Nickel  and  the  nickel  alloys  do  not  have 
characteristics  approaching  the  requisite  high- temperature/high- flux- 
density  properties  .\|  / 

The  Curie  temperature  of  a  magnetic  material  is  the  first  criterion  for 
selection.  Usually,  the  material  must  be  held  well  below  the  Curie  temper¬ 
ature  to  maintain  useful  magnetic  properties.  Figure  54  shows  the  data  for 
Curie  temperature  and  saturation  induction  versus  silicon  content  of  silicon- 
iron  alloys;  Figure  55  is  a  novel  presentation  of  saturation  induction 
isotherms  versus  cobalt  content  of  cobalt-iron  alloys.  The  following 
suggestions  are  made  for  the  design  limits  of  silicon-iron  alloys: 

1)  A  maximum  induction  of  100,000  lines/in. ^  at  800  °F 
for  0,25%  or  lower  silicon  content. 


2)  Reduction  of  the  above  flux  density  with  increasing 
silicon  content, 

3)  Reduction  of  the  above  flux  density  with  increasing 
temperature, 

4)  A  maximum  operating  temperature  of  1250  ^F. 


The  following  suggestions  are  made  for  the  design  limits  of  cobalt-iron 
alloys  in  the  25%  to  35%  cobalt  range:* 


*Fifty  percent  cobalt  alloys  should  not  be  employed  until  anomalous  behavior 
ascribed  to  atomic  ordering  is  clarified  (Refs.  68  and  69). 
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1)  A  maximum  induction  of  120  kilolines/in.  (18  kilogauss) 
at  1200  °F  for  35%  cobalt  content. 

2)  Reduction  of  the  above  flux  density  with  departure  of 
cobalt  content  from  35%, 

3)  Reduction  of  flux  density  with  increasing  temperature. 

4)  A  maximum  operating  temperature  of  1600  °F. 

There  is  fragmentary  evidence  to  indicate  that  high  temperature  magnetic 
characteristics  in  an  inert  atmosphere,  such  as  that  proposed  for  these 
electromagnetic  pumps,  will  not  change  appreciably  with  time  at  these 
suggested,  or  even  higher,  values  of  temperature  and  flux  density.  The 
reports  examined  indicate  that  virtually  all  previous  tests  provide  an 
inadequate  basis  for  rejecting  the  proposed  design  limits  because  of  one 
or  more  of  the  following  reasons:  1)  oxidation  (testing  or  aging  in  air); 

2)  interlaminar  insulation;  3)  pre-test  anneal;  or  4)  mechanical  stress. 

In  the  case  of  low  silicon  content  steel  ,  a  balance  may  have  to  be  effected 
between  increased  coercive  force  and  core  loss  upon  aging  versus  other  properties. 

To  determine  the  heat  balance  in  an  electromagnetic  pump  design,  the 
thermal  conductivity  of  the  magnetic  material  used  in  the  stator  must  be  known. 

The  winding  losses ,  the  heat  transferred  through  the  thermal  insulation 
between  duct  and  stator,  and  the  losses  generated  by  ac  flux  in  the  magnetic 
material  itself  must  all  be  transmitted  to  the  heat  sink  through  the  stator. 
Improved  design  may  be  achieved  with  a  high  thermal  conductivity  material, 
even  at  the  cost  of  higher  core  losses  in  the  material  itself.  The  thermal 
conductivities  of  several  candidate  magnetic  alloys,  including  an  estimated 
characteristic  for  cobalt  alloys  based  on  a  reported  room  temperature  value, 
are  shown  in  Figure  56.  Thermal  conductivity  of  magnetic  material  for 
central  cores  is  not  a  problem,  but  higher  temperature  flux-carrying 
capability  must  be  considered. 

Normal  magnetization  information,  primarily  useful  for  dc  applications, 
can  indicate  maximum  useful  flux  densitites  (and  required  m.m.f.)  in  electrical 
apparatus.  Guides  to  ac  performance  may  also  be  obtained  from  normal  magnet¬ 
ization  curves.  Although  many  of  the  reports  on  elevated  temperature  that 
were  reviewed  do  not  show  normal  magnetization  curves,  Figure  57  shows  some 
data  which  are  available. 

As  noted  previously,  there  are  inconsistencies  in  data  reported  by  various 
investigators.  Figure  58  verifies,  for  a  silicon  steel,  the  general  obser¬ 
vation  that  core  loss  decreases  with  increasing  temperature.  A  substantial 
inconsistency  in  the  data,  probably  caused  by  lack  of  pre-test  annealing  and 
by  less  than  optimum  interlaminar  insulation,  is  also  indicated  by  the 
individual  points  for  the  same  nominal  grade  of  steel  (AISI-M  36).  The 
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elevated  temperature  data  for  silicon  steels  are  reproduced  in  Figure  58 
because  they  best  represent  the  characteristic  reduction  of  loss  with 
temperature,  although  the  tests  were  made  in  air  on  unannealed  samples 
with  questionable  interlaminar  insulation.  Figure  58  also  reports  losses 
on  27%  and  35%  cobalt-iron  alloys.  Few  investigators  have  reported  elevated 
temperature  exciting  current  or  excitation  volt-amperes  in  a  form  useful 
to  this  program.  Table  7  presents  values  of  excitation  volt-amperes  per 
pound  estimated  on  the  basis  of  various  pieces  of  data.  No  elevated 
temperature  data  were  found  for  low  silicon  iron  alloys. 


TABLE  7.  ESTIMATED  60  CYCLE  MAGNETIZING  EXCITATION 


Material 

Flux  Density, 

Kl/in.2 

Excitation,  Volt- 

-Amperes/ lb 

212°F 

800°F 

1100°F 

1.25%  Si 

64 

2.6 

3.0 

4.0 

(M-36) 

97 

20 

31 

40 

27%  Co 

64 

5 

4.5 

4 

97 

18 

20 

22 

116 

40 

45 

60 

Many  of  the  reports  reviewed,  e.g.,  references  75  through  78,  indicated 
that  sensitivity  to  mechanical  stress,  particularly  in  aging  tests,  was 
caused  primarily  by  oxidation.  This  was  especially  true  in  wound  cores 
and  for  oriented  materials.  Because  of  the  inert  atmosphere  for  the  magnetic 
material,  no  difficulty  is  anticipated  from  oxidation  in  electromagnetic 
pumps  studied  for  this  program. 

Magnetic  anisotropy,  the  easier  magnetization  of  a  material  in  one 
direction  than  another,  is  established  (Ref.  79)  as  the  cause  of  increased 
loss  for  magnetization  in  one  direction  compared  to  the  loss  for  magnet¬ 
ization  in  another  direction;  the  relative  increase  is  greater  in  oriented 
materials  than  in  nonoriented  materials.  Not  so  well  known  is  the  fact 
that  a  rotational  flux  causes  a  more  significant  loss  than  that  caused  by 
the  simple  alternating  flux  (Refs.  80  through  82).  A  rotational  flux  is 
one  constant  in  magnitude  but  time  variant  in  direction  as  contrasted  with 
the  simple  alternating  flux,  which  is  unidirectional  but  time  variant  in 
magnitude.  This  effect  is  greater  in  oriented  materials.  The  increased 
loss  with  rotational  flux  is  ascribed  to  the  doubled  frequency  of  magnetic 
domain  wall  movement  (Ref,  83),  In  polyphase  pumps,  rotational  flux  exists 
in  the  magnetic  material  behind  the  slots  and  teeth. 
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Deterioration  of  interlaminar  insulation  will  cause  increasing  losses  on 
aging  tests.  Some  of  the  various  reports  reviewed,  e.g.,  references  74,  76, 
and  84,  stated  that  the  laminar  coating  may  have  provided  insufficient  inter 
laminar  resistance  lor  long-time,  high  temperature  service.  No  well  docu¬ 
mented  investigation  of  a  suitable  lamination  insulating  material  was  found. 
Tentatively,  a  material  which  can  withstand  the  stress  relief  anneal  temper 
ature,  such  as  Carlite  coating  or  Sterling  Varnish  Co.  S-678  material  with 
aluminum  oxide  added  is  recommended.  An  alternative  would  be  to  flame 
spray  the  laminations  with  aluminum  oxide.  Aluminum  orthophosphate  laminar 
coating  has  yielded  anomalous  results  for  different  investigators. 

The  reports  surveyed,  e.g.,  references  85  through  87,  indicated  a  very 
low  probability  of  permanent  degradation  of  magnetic  materials  considered 
for  these  pumps  under  the  expected  service  conditions.  The  cobalt  alloys 
will,  of  course,  become  radioactive  under  neutron  bombardment  and  will 
remain  radioactive  for  considerable  time. 


The  higher  indicated  thermal  conductivity  and  the  higher  permissible  ac 
flux  densities,  at  modest  increase  in  losses  (over  .si  l±c-on  steel  losses), 
apparently  favor  the  use  of  the  cobalt-iron  alloys . /lExcept  where  the 
temperature  requirement  indicates  otherwise,  the  27%  cobalt  steel  is  pre¬ 
ferable  to  the  357o  alloy  because  of  better  mechanical  properties  and  some¬ 
what  lower  cost.  For  highest  temperature  use  in  cast  or  forged  magnetic 
structures,  the  35%  cobalt  steel  is  suggested.  Conversely,  if  the  temper¬ 
ature  is  favorable  and  the  lower  flux  density  is  acceptable,  a  silicon- 
iron  or  very  low  carbon  iron  will  allow  substantial  reductions  in  the 
costs  of  core  material  and  processjjig^t 


As  indicated  earlier  in  this  discussion,  test  information  to  verify  that 
the  candidate  materials  will  suffer  no  appreciable  degradation  in  an  inert 
atmosphere  at  the  pertinent  temperatures  and  times  is  needed.  Also,  the 
development  of  adequate  interlaminar  insulation  is  required. 


Electrical  Conductors  and  Insulation 
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Since  conductors  are  rarely  used  alone,  it  is  difficult  to  treat  conductors 
and  their  insulation  separately.  The  service  conditions,  the  manufacturing 
processes  employed,  and  the  over-all  electrical  insulation  must  be  considered. 
Numerous  study  and  experimental  projects  have  been  directed  at  the  development 
of  insulated  wire  and  insulation  systems  for  service  at  900*^F  to  llOO^^F. 
Varying  degrees  of  success,  with  only  experimental  quantities  carried  through 
manufacture,  were  achieved.  Most  development  work  was  on  component  materials 
and  mock-ups  of  insulation  systems;  most  development  units  manufactured  were 
transformers  and  inductive  reactors  with  aging  tests  of  approximately  1,000 
hours.  This  is  an  insufficient  basis_X<«f  recommending  18,000-hour  high  re¬ 
liability  space  mission  appl ication. IfEstablishing  750®F  to  800®F  as  the 
expected  working  temperature  for  the  windings  of  these  electromagnetic  pumps, 
therefore,  constitutes  a  conservative  approach^  As  additional  experience 
is  acquired  with  presently  available  materiarsarjd  with  newly  developed 
materials  and  insulation  systems,  higher  permissible  temperatures  are 
anticipated , 
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Selecting  electrical  conductor  materials  for  liquid  metal  EM  pumps  requires 
a  knowledge  of  the  electrical  resistivity  and  strength  characteristics  of 
basic  conductor  materials.  Where  needed,  consideration  must  then  be  given 
to  modifying  these  characteristics  using  metallic  claddings,  coatings,  or 
metallurgical  variations.  For  the  polyphase  pumps,  the  conductor  strength 
should  be  sufficient  for  unsupported  end  turns.  The  thermal  conductivity 
of  the  conductor  is  important  to  the  transfer  of  heat  within  the  windings 
and,  as  mentioned  earlier  regarding  conduction  pumps,  where  high  current 
density  conductors  must  operate  in  contact  with  the  duct  wall. 

Figures  59  and  60  show  the  electrical  resistivities  and  thermal  conduc¬ 
tivities  of  various  conductor  materials.  The  short-time  strengths  of 
various  types  of  conductor  materials  at  elevated  temperatures  are  depicted 
in  Figure  61,  which  shows  their  yield  strengths  as  a  function  of  temperature. 
There  is  a  lack  of  creep  and  rupture  data  on  conductor  materials.  Most  of 
that  which  is  available  is  shown  in  Figure  62.  No  information  was  available 
on  creep  under  thermal  cycling,  although  copper  is  known  to  perform  poorly 
regard  at  elevated  temperatures. 

advantages  of  the  low  electrical  resistivity  and  the  favorable 
temperature  coefficients  of  resistivity  of  coppe^  and  silypr,  compared  with 
other  conductor  materials,  is  clearly  apparent!  Except  f^  elevated  temper¬ 
ature  strength  and  stability  considerations,  low  electrical  resistivity  is 
the  criterion  for  selection  of  a  conductor  material.  The  high  thermal 
conductivities  of  silver  and  copper  are  also  beneficial  in  the  transfer  of 
heat  from  the  conductor  and  the  consequent  maintenance  of  low  electrical 
resistivity. 


SAP  aluminum  (sintered  aluminum  powder),  the  best  alternative  after 
copper,  has  considerable  advantage  in  strength  over  pure  copper  and  silver 
up  to  approximately  1000  ‘^F.  Also,  aluminum  can  be  readily  anodized  as  an 
insulation  for  low  voltage  applications.  Except  on  a  strength-to-weight 
basis,  the  new  dispersion  hardened  coppers  exhibit  strengths  superior  to 
those  of  SAP.  Simultaneously,  these  materials  retain  the  high  conductivity 
advantage  of  copper.  Also,  the  dispersion  hardened  materials  apparently 
have  a  lesser  tendency  to  grain  growth  on  extended  exposure  to  high  temper¬ 
ature.  For  very  high  temperature  service,  molybdenum  should  be  considered. 
For  applications  below  approximately  1000  ‘^F,  the  strength  advantages  of 
molybdenum  are  not  sufficient  to  offset  its  high  resistivity  and  density. 


In  pump  designs,  in  which  protective  atmospheres  minimize  or  eliminate 
the  oxidation  problem  and  assist  in  cooling  the  electrical  conductors  to  a 
temperature  near  800  ®F,  beryllia  or  zirconium  dispersion  hardened  copper 
and,  to  a  lesser  extent,  clad  copper  appear  to  be  the  best  choices . ^fThe 
electrical  conductivities  of  conductors  of  these  types  are  not  seFf Olisly 
reduced  from  that  of  pure  copper.  (See  Figures  59  and  63  and  Table  8.)  As 
indicated  in  Figure  63  and  Table  8,  the  thermal  diffusion  stability  of  higher 
strength  clad  copper  conductors  has  been  studied  to  some  extent.  While 
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TABLE  8.  CHANGE  IN  RESISTANCE  OF  WIRES  AGED  AT  llOO^F 
2000  HOURS  IN  ARGON 
(Ref.  97) 


Wire  Type 

AWG 

Gauge 

Resistance 

Increase, 

% 

OFHC  Cu 

20 

-0.9 

Annealed  Cu 

28 

-0.2 

Be-Cu,  Ag  Plate 

20 

15,6 

Cu,  li%  Ag  Plate 

36 

11.7 

Cu,  Single  Glass  Served,  Silicone  Treated 

28 

-1.3 

Cu-3%  Ag 

42 

-3.5 

Cu--3%  Ag,  Secon  Type  C  Insulation 

28 

-1.9 

Sterling  Ag 

30 

7.0 

Cu,  27%  Ni  Clad,  Bare 

28 

124 

Cu,  27%  Ni  Clad,  Bare 

36 

360  (570  hrs) 

Cu,  27%  Ni  Clad,  Ceramatemp  Insulation 

28 

60.6 

Cu,  27%  Ni  Clad,  Ceramicite  Insulation 

28 

75.9 

Cu,  27%  Ni  Clad,  Ceroc  Insulation 

28 

70.6 

Cu,  Type  430  SS  Clad 

28 

30.0 

Cu,  Type  430  SS  Clad 

36 

59.3 

Cu,  Inconel  Clad 

28 

31.3 

Cu,  Inconel  Clad 

36 

144.2 

Cu,  Anodized  Ta  Clad 

30 

Too  Brittle 

Cu,  47o  Ni  Plate 

28 

55.7 

Cu,  4%  Ni  Plate 

36 

210  (570  hrs) 

Cu,  10%  Ni  Plate 

28 

79.3 

Cu,  10%  Ni  Plate 

36 

228.0 

Cu,  Ag  Barrier,  Ni  Plate 

28 

23.4 

Cu,  Cr  Barrier,  Ni  Plate 

28 

108.2 

Cu,  Fe  Barrier,  Ni  Plate 

28 

196 

Cu,  Cr  Plate 

28 

3.7 

Cu,  Re  Plate 

28 

0.4 

Cu,  Fe  Plate 

28 

11.2 

Ag,  Cr  Plate 

28 

1.9 

Ag,  Re  Plate 

28 

46.7 

Ag,  Fe  Plate 

28 

21.2 

Ag,  Fe  Barrier,  Ni  Plate 

28 

32.8 
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there  are  some  limited  indications  that  a  nickel  clad  copper  conductor 
would  exhibit  very  little,  if  any,  diffusion  between  nickel  and  copper 
at  800  and  possess  fairly  stable  electrical  resistivity  for  long 
periods  of  time,  appreciable  evidence  to  the  contrary  also  exists. 

Nickel  clad  silver,  satisfactory  in  this  and  many  other  respects, 
appears  to  lack  satisfactory  high  temperature  strength.  Primarily 
because  of  the  uncertainty  of  reliable  long-time  resistivity  in  the 
clad  conductor  approach,  the  unclad  dispersion  hardened  conductors  are 
presently  favored  for  EM  pump  application. 

More  extensive  creep  test  evaluation,  long-time  stability  evaluation 
in  appropriate  atmospheres,  and  electrical  resistivity  measurements  over 
the  appropriate  temperature  range  will  be  required,  however,  to  confirm 
these  characteristics  in  the  conductor  selected.  In  attempting  to  achieve 
improved  conductor  strength,  the  effect  of  conductor  composition  and 
processing  treatment  on  the  electrical  resistivity  of  the  final  conductor 
and  its  ability  to  be  satisfactorily  joined  to  other  conductor  or  duct 
materials  must  also  be  considered.  Conductor  composition,  processing, 
and  joining  do  not  present  extremely  difficult  problems  in  the  appli¬ 
cation  of  the  selected  conductor  materials  to  EM  pump  designs. 

conductor  insulations  for  the  EM  pump  must  operate  at  800®F 
in  an  inert  atmosphere  and  provide  adequate  insulation  at  a  maximum  of  20 
volts  turn-to-turn  after  shaping. \ (Several  types  of  conductor  insulations 
have  been  studied  over  the  past several  years  for  temperatures  in  the 
800°F  range  and  for  applications  in  air.  The  protective  atmosphere  con¬ 
templated  in  the  EM  pumps  protects  the  conductor  from  oxidation. 

Previous  high  temperature  insulations  have  employed  the  following 
concepts:  1)  anodized  aluminum,  2)  matured  glass  enamel  coatings,  3)  flame 

sprayed  oxides  and  nitrides.  4)  glass  frit  impregnated  glass-serving,  and 
5)  granular  glass  coatings.  Anodized  aluminum  has  been  used  successfully 
as  a  high  temperature  insulated  conductor.  This  system  is  limited,  how¬ 
ever,  by  the  higher  resistivity  and  the  lower  mechanical  strength  of  the 
aluminum  conductor  compared  to  dispersion  hardened  or  clad  copper  or  silver. 
Ilie  matured  glass  enamels  are  difficult  to  apply  uniformly  on  small  radii 
conductors  and  on  corner  radii  of  rectangular  conductors,  and,  in  general, 
lack  satisfactory  electrical  insulating  characteristics  at  elevated  temper¬ 
atures.  Flame  sprayed  conductors  lack  workability  and  coating  adherence. 

At  elevated  temperatures,  both  the  low  melting,  glass  impregnated  glass- 
served  insulations  and  the  glass-fritted  coatings  that  mature  in  place 
exhibit  unsatisfactory  current  leakage  and  high  dissipation  factors  at  low 
frequencies.  Untreated  glass-served  wire  performs  well  at  elevated  temper¬ 
atures  but  is  impractical  because  of  its  poor  handling  characteristics. 
Conventional  resin  impregnated  insulations  result  in  carbonaceous  deposits 
during  vacuum  burnout  that  produce  poor  insulating  characteristics.  Burn¬ 
out  of  the  resin  in  air  eliminates  carbon  but  requires  undesirably  high 
temperatures  (1200®F)  and  protection  of  the  conductor  from  oxidation. 
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The  devitrification  temperature  of  the  glass  of  conventionally  impregnated 
glass  serving  is  approached  during  burnout  at  these  temperatures.  The 
excellent  high  temperature  electrical  characteristics  of  E  glass,  a  boro- 
silicate  glass,  is  indicated  by  its  elevated  temperature  resistivity  in 
Table  9  and  by  successful  tests  of  unimpregnated,  double  glass-served  ^36 
AWG  silver  conductor  in  argon  for  2,000  hours  at  1112^F. 


TABLE  9.  VOLUME  RESISTIVITY  OF  E  GLASS  AT  SEVERAL  TEMPERATURES 


Resistivity, 

ohms/cm^ 

Temperature, 

op 

2-5 

X  10^2 

72 

1  X 

lo’ 

1320 

1  X 

10® 

1450 

1  X 

10^ 

1600 

utilize  the  desirable  high  temperature  electrical  characteristics  of 
resinless  insulation  and  the  room  temperature  handling  characteristics  of 
resin  impregnated  glass-served  insulation  and  simultaneously  avoid  carbon 
deposits  during  resin  burnout  in  air,  the  following  procedure  is  recommended: 


1)  Preparation  of  the  glass  filament  serving  with  the  inclusion 
of  inorganic  lubricants,  such  as  boron  nitride,  which  are 
suspended  in  a  film  forming,  low  temperature,  fugitive 
(temporary)  binder,  such  as  polybutene,  polyvinyl  acetate, 
polyurethane,  or  similar  material. 

2)  Preparation  of  double  glass-served  conductors  using  the  glass 
filamentary  materials  cited  above  with  additional  lubricant, 
filler,  and  fugitive  binder  to  produce  an  insulated  conductor 
with  good  handling  characteristics. 


3)  Fabrication  of  the  conductor  into  its  required  shapes, 

application  of  glass-mica  tape  coil/phase  insulation,  and 
installation  into  the  slots.  (The  need  for  wedges  or 
for  further  insulation  in  the  form  of  slot  liners  or  tubes 
is  not  anticipated.) 


7? 
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j4)  Bakeout  of  the  fugitive  binder  in  vacuum  or  under 

protective  atmosphere  at  low  temperature,  leaving  only 
glass  serving,  fillers  and  lubricants  on  the  conductor 
in  its  final  manufactured  component  configuration. 


5)  Impregnation  of  the  conductor/insulation  system  with 

ethyl  silicate,  aluminum  phosphate,  or  colloidal  silicic 
acid  to  produce  an  inorganic  bond  of  the  assembled 
conductor/ insulation  syst^Jj' 

Some  unreported  preliminary  work,  currently  being  performed  on  this  approach, 
offers  the  possibility  of  developing  a  satisfactory  high  temperature  con¬ 
ductor  insulation  system.  The  final  details  of  the  processing  may  differ 
from  those  outlined  above.  Developing  the  process  will  require  high  temper¬ 
ature  electrical  stability  tests,  mechanical  and  vibration  tests,  and  coil 
forming  experiments. 


The  heat  transfer  design  approach  for  polyphase  induction  pumps,  as 
discussed  in  Section  V-A,  prescribes  a  gas  filled  stator  enclosure.  The 
selection  of  gases  for  this  application  requires  attention  to  thermal 
conductivity,  dielectric  strength,  and  chemical  stability  in  the  expected 
environment.  On  the  basis  of  thermal  conductivity,  helium  or  hydrogen  are 
the  obvious  choices.  Other  properties  of  these  gases,  however,  are  not 
favorable.  Table  10,  which  presents  some  comparative  data  on  electrical 
and  thermal  properties  of  selected  gases,  indicates  that  helium,  neon,  and 
argon  have  poor  dielectric  strength.  Nitrogen  has  been  selected  as  the  best 


TABLE  10.  SELECTED  ELECTRICAL  AND  THERMAL  PROPERTIES  OF  CERTAIN  GASES^ 

(Refs.  98  and  99) 


Gas 

Arc-Over  Voltage^ 
Volts 

Thermal  Conductivity  at  32  ^F, 
Btu/hr-f t^-°F/in/  Watts/^F-in, 

Air 

1700 

16.5  X  10"^ 

1 

o 

I— 1 

X 

n* 

CO 

Nitrogen 

1800 

CO 

1 

o 

1— 1 

X 

rH 

3.3  X  10“^^ 

Neon 

360 

32.0  X  10"^ 

6.5  X  10“^ 

Helium 

350 

97.4  X  10“2 

20  X  10"^ 

Hydrogen 

950 

112.1  X  10-3 

23  X  10"^ 

Argon 

590 

11.2  X  10"^ 

2.3  X  10“^ 

^Values  at  room  or  other  indicated  temperature  and  one  atmosphere. 
t>For  0.010-in.  uniform  gap,  dc,  gas  only. 
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compromise  gas  for  the  stator  cavity.  Although  other  gases  have  individual 
properties  that  are  superior,  nitrogen  has  the  best  combination  of  engineering 
properties.  In  addition,  it  has  exhibited  satisfactory  characteristics  in 
past  service  in  air  insulated  pumps.  A  gas  filled  and  sealed  stator  cavity 
permits  the  selection  of  immediately  available  electrical  insulation  systems, 
whereas  a  cavity  open  to  space  vacuum  would  not. 


Within  certain  limits,  the  electrical  sparkover  of  a  gap  in  a  gas  is 
constant  for  a  constant  product  of  gap  stress  and  gas  pressure.  The  sparkover 
value  falls  to  a  minimum  which  generally  occurs  at  various  pressure  X  gap 
products  for  different  gases.  This  relationship  was  formalized  by  F.  Paschen 
and,  hence,  curves  showing  the  relationship,  such  as  those  in  Figure  64,  bear 
his  name.  It  is  desirable  to  limit  the  filling  pressure  to  approximately  one 
atmosphere  at  normal  operating  temperature.  Although  hydrogen  has  desirable 
thermal  conductivity,  it  has  only  fair  electrical  strength.  In  addition, 
there  is  concern  regarding  1)  the  possible  loss  of  hydrogen  by  diffusion  through 
the  wall  at  elevated  temperature  and  2)  uncertain  metallurgical  effects  with 
hydrogen.  The  use  or  addition  of  electronegative  gases  to  improve  the 
breakdown  situation  was  rejected  because  of  the  possibility  of  the  dissociation 
of  the  more  complex  gas  under  radiation.  No  specific  information  on  this  point 


Insulation 


was  obtain 
5.  Thermal 


Experience  with  previous  designs  in  electromagnetic  pumps  has  indicated 
that  a  multilayer  metal  foil  and  wire  cloth  is  suitable  for  the  pump  designs 
of  this  study.  The  data  in  Table  11  indicates  that  four  layers  each  of  foil 
and  wire  would  provide  a  barrier  with  a  conductivity  of  approximately  0.015 
to  0.003  watt/®F-in.  It  was  estimated  that  the  conductivity  would  drop  to 
below  0.015  watt/®F-in.  in  vacuum  with 
purposes,  a  value  of  0.002  watt/®F-in.  was  chosen, 
design  calculations  of  Section  V. 


a  1200  ®F  duct  wall.  For  design 


,se^ 


This  value  is  used  in  the 
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TABLE  11.  THERMAL  CONDUCTIVITIES  OF  COMPOSITE  METAL  THERMAL  SHIELDS^ 
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IV.  SPACE  POWER  SYSTEMS  CONSIDERATIONS 


A.  System  Criteria  for  Pump  Selection 


After  reliability,  the  most  important  characteristic  of  space  power  systems 
components  is  weight.  Nor  is  it  sufficient  to  consider  the  weight  of  the 
component  alone.  Rather,  to  select  the  best  components  and  systems,  the  total 
contribution  that  each  component  makes  to  the  over-all  power  plant  weight  must 
be  determined.  The  customary  approach  is  to  calculate  weights  of  each 
identifiable  component  and  to  assign  weight  penalties  for  the  contribution 
that  each  component  makes  to  over-all  power  plant  weight.  Power  consumed  by 
a  component,  for  example,  contributes  to  the  over-all  power  plant  weight  and 
the  associated  penalty  can  be  defined  as  plant  weight  increment  per  unit  of 
power  consumed.  Similarly,  the  lagging  power  factor  characteristic  of  induction 
pumps  requires  added  capacitance  in  the  power  supply.  Hius ,  a  weight  penalty  is 
assigned  on  the  basis  of  the  reactive  power  demand  of  the  pump. 

As  a  power  plant  design  progresses ,  the  weight  analysis  becomes  increasingly 
detailed  and  the  resultant  weight  estimate  becomes  more  refined.  Obviously,  at 
this  developmental  stage,  highly  detailed  weight  analyses  of  EM  pumps  are 
unwarranted.  It  is  important  only  that  the  major  items  of  weight  be  recognized 
and  that  each  be  considered  sufficiently  to  insure  proper  preliminary  selections 
relative  to  pump  type  and  major  characteristics  affecting  preliminary  pump 
design.  Within  the  preceding  limitations,  those  items  considered  beyond 
pump  weight  are: 


1)  Weight  penalty  for  power  consumed  by  the  pump  and  its 
power  supply. 

2)  Power  supply  equipment  weight. 

3)  Cooling. 


a.  Equipment  weight,  i.e.,  radiator,  coolant  pump, 
and  its  power  supply  and  piping. 

b.  Weight  penalty  for  power  consumed  by  the  coolant 
pump . 


4)  Reactive  power  penalty  occasioned  by  using  ac  pumps. 


Items  that  can  be  recognized  at  this  time  but  which  have  not  been  included  in 
this  study  are: 


1)  Power  cabling  and  control 
require  preliminary  space 
In  ac  pumps,  this  item  is 
pump  equivalent  weights. 


and  instrument  wiring  that 
craft  layouts  to  evaluate, 
small  compared  to  the  over-all 
Because  of  the  very  high 
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currents  requiring  large  bus  bar  cross  sections, 
dc  conduction  pump  weight  may  be  substantially 
increased  by  this  item. 

2)  Control  and  protective  switchgear. 


B.  Power  Weight  Penalty 

The  incremental  addition  to  the  over-all  power  plant  weight  caused 
by  using  electrically  driven  components  was  set  at  10  Ib/kw  electrical 
power  drawn  from  the  main  electric  power  source  for  the  turboelectric 
system  and  at  9  Ib/kw  for  the  thermionic  system.  These  values  were 
established  as  basic  assumptions  at  the  initiation  of  the  study  program. 
The  weight  penalty  is  assumed  to  cover  the  entire  nuclear  power  plant 
except  the  pumps  and  directly  related  equipment  covered  below.  This 
weight  penalty  is  usually  as  large  in  magnitude  as  the  weight  of  the 
pump  itself.  The  sum  of  power  weight  penalty  and  pump  weight  constitute 
over  three-quarters  of  the  total  weight  criterion  for  most  pumps  and  is, 
therefore,  used  for  initial  optimization  with  the  performance  prediction 
computations  discussed  in  Section  V. 


C.  Power  Conditioning 

To  cover  the  range  of  EM  pump  applications  which  are  under  investi¬ 
gation,  different  types  of  power  conditioning  equipment  must  be  considered: 

1)  High  frequency  ac  to  low  frequency  ac  converter 
(required  for  application  of  ac  pumps  to  turboelectric 
systems) . 

2)  DC  to  three-phase  ac  converter  (required  for  application 
of  ac  pumps  to  thermionic  systems). 

3)  AC  to  low  voltage  dc  converter  (required  for  application 
of  dc  pumps  to  turboelectric  systems). 

4)  DC  to  low  voltage  dc  converter  (required  for  dc  pumps  in 
thermionic  systems). 


1 .  AC  Frequency  Converter 


For  applying  three-phase  ac  pumps  in  turboelectric  power  systems,  the 
cycloconverter  device  in  Figure  65  was  selected.  This  type  frequency 
converter  is  optimum  where  the  frequency  conversion  ratio  is  reasonably 
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high  (above  10/1)  and  where  the  high  frequency  is  at  the  input  side. 

The  principal  power  handling  components  of  this  device  are  the  eighteen 
controlled  rectifier  type,  high  speed  electronic  switches.  These  are 
arranged  in  six  commutating  groups,  one  for  each  of  the  low  frequency 
output  phases.  The  air  core  reactors,  connected  between  the  three 
pairs  of  forward  and  reverse  output  phases,  serve  as  protection  against 
high  frequency  line-to-line  shorts  resulting  from  spurious  misfiring 
of  the  controlled  rectifiers.  These  reactors  have  a  large  reactance 
at  the  high  frequency  but  a  low  impedance  (in  series  with  the  load)  at 
the  low  frequency.  Firing  the  controlled  rectifiers  is  timed  and 
actuated  by  low  power  level  control  circuits,  which  represent  a  small 
fraction  of  the  total  weight  and  power  loss  of  the  device.  This  control 
circuitry  provides  for  both  rectifier  and  inverter  action  of  the  controlled 
rectifiers  so  that  the  circuit  may  handle  low  frequency  loads  of  any  power 
factor.  Another  feature  of  the  cycloconverter  is  the  fact  that  it  can 
be  readily  designed  to  provide  variable  pump  input  voltage  to  control 
pump  flow.  The  fact  that  the  induction  type  EM  pump  provides  for  contin¬ 
uous  variation  of  flow  using  input  voltage  variation  is  certainly  one 
of  its  important  advantages  over  alternate  types  of  pumps  that  require 
throttle  valve  type  flow  control. 

Cesium  vapor  thyratron  tubes,  currently  under  development,  are  proposed 
as  the  ultimately  available  controlled  rectifier  switches.  These  tubes 
will  be  suitable  for  service  in  a  space  power  cycloconverter  powering 
loads,  such  as  60  cycle  ac  pumps  from  a  high  frequency  (1000  cps  to  3200 
cps)  inductor  alternator  power  source.  The  tubes  are  highly  radiation 
resistant  and  operate  at  a  high  temperature,  1475  ^F.  The  efficiency  of 
the  cycloconverter  using  projected  cesium  vapor  thyratrons  can  be 
estimated  conservatively  at  90%,  The  heaviest  components  of  the  device 
are  the  air  core  reactors ,  Their  specific  weight  is  plotted  as  a  function 
of  capacity  level  in  Figure  66.  Including  the  controls  and  cooling 
equipment,  the  cycloconverter  can  be  estimated  conservatively  at  one 
Ib/kw . 

2.  Low  Voltage  Rectifier  Circuit 


For  applying  dc  pumps  in  ac  power  systems,  a  low  voltage,  three-phase 
rectifier  circuit,  such  as  that  shown  in  Figure  67  is  required.  The  double 
Y,  six-phase  rectifier  using  the  interphase  transformer  is  a  good  selection 
for  this  application,  since  it  provides  low  dc  voltage  ripple  and  high 
transformer  utilization  and  has  only  a  fixed  diode  forward  voltage  drop 
in  the  dc  output  circuit.  High  temperature,  low  forward  voltage  drop  (one  volt 
or  less)  cesium  vapor  diode  tubes  are  currently  under  development.  These 
are  probably  the  best  type  rectifier  components  for  this  application. 

The  weight  of  this  transformer  rectifier  is  principally  in  the  trans¬ 
former  component.  Figure  68  shows  the  specific  weight  of  three-phase 
transformers  in  the  400  cps  frequency  range.  This  agrees  with  results 
reported  in  references  101  and  102.  To  allow  for  excess  transformer 
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capacity  required  for  the  rectifier  circuit  application  and  to  provide 
for  cooling  equipment,  rectifiers,  and  cabling,  a  specific  weight  of 
one  Ib/kw  has  been  estimated  for  this  type  power  supply  equipment. 

For  a  dc  output  voltage  level  of  3  to  5  volts  (which  would  provide 
power  to  several  dc  pumps  in  series),  an  efficiency  of  80%  can  be 
estimated  using  projected  performance  data  for  the  cesium  vapor  diodes. 

In  this  connection,  the  assumption  that  dc  conduction  pumps  may  be 
connected  in  series  should  be  underlined.  As  indicated  subsequently, 
the  design  voltages  for  these  devices  are  near  1/2  volt.  If  reliability 
considerations  prevent  using  the  series  arrangement,  then  the  dc  conduction 
pump  will  be  burdened  with  a  greater  weight  penalty  than  that  presented 
in  this  section  because  of  reduced  power  conversion  efficiency. 

3.  Three-Phase  Inverter  Circuit 

This  device  is  very  similar,  insofar  as  its  power  handling  components 
are  concerned,  to  the  rectifier  circuit  in  Figure  67.  In  addition,  a 
cycloconverter  has  been  added  between  the  inverter  and  the  final  output. 

The  advantages  of  using  the  cycloconverter  in  this  manner  are  the  following: 

1)  By  using  a  high  frequency  inverter,  the  weight  of  the 
transformers  (and  capacitors)  is  significantly  reduced. 

2)  The  power  factor  of  the  inverter  circuit  is  nearly 
unity  regardless  of  the  low  frequency  ac  pump  power 
factor.  This  basic  characteristic  of  the  cyclo¬ 
converter  device  is  explained  in  reference  103.  A 
high  power  factor  reduces  weight  and  electrical 
losses  in  the  inverter.  Cesium  vapor  controlled 
rectifiers  are  selected  for  both  inverter  and 
cycloconverter  electronic  switches. 

The  over-all  efficiency  of  the  pump  power  supply  in  Figure  69  is 
estimated  at  87%  and  the  specific  weight  is  1.6  Ibs/kw.  This  is  based 
on  the  weights  of  transformers  and  cycloconverters  as  discussed  above 
and  the  weights  of  capacitors  as  reported  in  reference  104. 


4.  DC  to  DC  Voltage  Converter 

This  device,  shown  in  Figure  70,  comprises  a  single  phase  auto-impulse 
commutated  (square  wave)  inverter  combined  with  a  low  voltage  rectifier. 
Cesium  vapor  thyratrons  are  selected  for  the  inverter  circuit  switching 
devices.  A  center-tapped  transformer  is  used  to  provide  only  a  single 
diode  forward  drop  voltage  loss  in  the  output  circuit.  This  affords 
maximum  efficiency  but  results  in  a  higher  transformer  specific  weight 
than  those  discussed  above.  Estimated  efficiency  is  80%  using  a  cesium 
vapor  diode  for  the  output  rectifiers.  A  reasonable  design  specific 
weight  is  1.5  Ibs/kw.  This  is  somewhat  more  conservative  than  values  for 
similar  circuits  reported  in  reference  104. 
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D.  Reactive  Power 


Reactive  power  delivered  to  the  electromagnetic  pumps  necessarily 
carries  a  weight  penalty  for  these  reasons: 

1)  Increased  current  in  alternator  windings,  distribution 
busses,  and  power  conditioning  components  results  in 
increased  losses  and/or  weight  of  these  components. 

2)  The  total  flux  in  an  inductor  alternator  magnetic 
circuit  is  a  sensitive  function  of  the  machine  load 
power  factor.  This  results  from  the  effects  of  armature 
reaction  upon  the  unwound  homopolar  rotor  portion  of 
the  magnetic  circuit.  The  weight  of  the  machine,  in 
turn,  depends  heavily  upon  the  total  flux  which  must 

be  carried  by  the  magnetic  circuit.  Figures  71  and 
72  show  the  variation  of  machine  weight  and  efficiency 
with  load  for  a  typical  500  kw  inductor  alternator 
design.  Figure  73  shows  the  relationship  between  percent 
power  factor,  kvar  reactive  power,  and  kw  real  power 
input  to  the  pump. 

In  a  typical  turboelectric  space  power  system  using  ac  induction  type 
EM  pumps,  it  is  probable  that  the  pumps  will  be  located  in  close  proximity 
to  the  generator  and  that  the  pump  power  supply  equipment  will  receive 
power  directly  from  the  alternator.  For  such  a  system,  the  weight  penalty 
assignable  to  the  reactive  power  load  of  the  EM  pumps  can  be  based  upon 
the  effects  of  this  load  on  alternator  weight  and  efficiency.  The  effects 
of  this  reactive  power  load  upon  the  weight  and  losses  of  the  frequency 
converter  are,  for  typical  EM  pump  loads,  safely  covered  by  the  assumptions 
of  90%  efficiency  and  one  Ib/kw  for  the  frequency  converter  equipment. 
Additionally,  an  important  characteristic  of  the  cycloconverter  type 
frequency  converter  is  the  fact  that,  although  a  low  power  factor  load 
may  be  placed  on  the  low  frequency  output  of  the  converter,  the  load  seen 
by  the  high  frequency  power  source  is  a  near  unity  power  factor  load  of 
varying  amplitude.  Reference  103  explains  this  characteristic  of  the 
cycloconverter.  By  connecting  several  cycloconverter  units  in  parallel 
operating  out  of  phase  with  each  other,  the  ideal  result  of  a  constant 
unity  power  factor  apparent  load  on  the  high  frequency  power  source  can 
be  approached.  For  the  present  study,  the  possibility  of  high  power  factor 
will  be  ignored,  and  a  reactive  power  weight  penalty  will  be  .assigned. 

For  turboelectric  power  systems,  this  weight  penalty  will  be  based 
upon  the  effects  of  reactive  kva  upon  alternator  weight  and  efficiency. 

For  thermionic  power  systems,  this  weight  penalty  will  be  based  on  the 
weight  of  capacitors  required  to  neutralize  the  pump  reactive  kva  at 
the  high  frequency  output  of  the  inverter  circuit , 
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1.  AC  Pumps  Applied  to  Turboelectric  Systems 


KVAR  Wt. 


Penalty  = 


_ Lbs _ 

KVAR  at  Pump  Input 


A (Alternator  Wt . ) 
A  KVAR 


A (Alternator  Output)  Lbs 

^'"kVAR  ^  KW  Output 

The  quantities  A  alternator  weight/A  kvar  and  A  alternator  output/A  kvar 
are  evaulated  from  Figure  71  at  a  machine  power  factor  of  0.85  (which  is 
assumed  to  be  a  reasonable  over-all  load  power  factor  at  the  alternator 
output),  with  the  results  that 


KVAR  Wt.  Penalty  =  + 


10 

200 


X  10  =  0.75  Ib/kvar 


2.  AC  Pumps  Applied  to  Thermionic  Power  Systems 


For  this  application,  the  reactive  kva  weight  penalty  will  be  based 
upon  the  weight  of  capacitors  required  to  neutralize  the  lagging  power 
factor  of  the  EM  pump  load  in  the  inverter  circuit ,  The  power  conditioning 
circuit  shown  in  Figure  69,  in  which  a  frequency  converter  is  used  between 
a  high  frequency  inverter  and  the  EM  pump,  will  be  the  basis  for  calculation. 
An  inverter  output  phase  voltage  of  500  and  a  frequency  of  2,000  cps  are 
also  assumed. 

2 

Required  Capacitive  KVAR  =  —  =  E  2  nfC  x  1000  =  0.32  Uf/KVAR 

c 


KVAR  Wt.  Penalty 


Required  Capacitance 
KVAR 


Lbs 

Capacitance 


It  is  estimated  that  a  weight  of  one  lb/ jj  f  is  a  reasonable  development 
goal  for  high  temperature  radiation  resistance  capacitors  of  the  specified 
voltage  and  frequency  rating.  Using  this  value: 


Reactive  KVA  Wt ,  Penalty  =  ^KVAR^^ 
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To  account  for  capacitor  losses  and  cooling,  this  value  will  be  increased 
approximately  50%  to  1/2  Ib/kvar.  Because  of  ^he  relatively  low  value 
of  this  weight  penalty,  further  refinement  in  its  evaluation  seems 
unwarranted. 


E.  Cooling 

To  define  and  evaluate  basic  parameters  involved  in  the  computation  of 
cooling  weight  penalties  for  electromagnetic  pumps  and  their  associated 
power  supply  equipment,  typical  turboelectric  and  thermionic  power  system 
configurations  have  been  defined  and  analyzed  from  the  standpoint  of  pump 
and  pump  cooling  requirements.  Figures  74  and  75  show  schematic  flow 
diagrams  of  these  two  system  configurations.  Flow  rates  and  pump  power 
levels  corresponding  to  an  output  capacity  of  one  MW  have  been  determined 
for  these  alternate  systems.  Table  12  summarizes  pump  and  pump  power  con¬ 
ditioning  design  data  pertaining  to  these  two  systems.  These  data  include 
values  for  both  ac  and  dc  pumps  in  each  of  the  defined  pumping  functions 
estimated  from  Tables  17-30  using  the  pump  capability  parameter  concept  as 
discussed  in  Sections  V.C.  and  D. 

The  turboelectric  system  flow  network  has  three  main  flow  loops: 

1)  primary  coolant  all  liquid  flow  loop,  2)  turbine  working  fluid  two- 
phase  loop,  and  3)  the  all  liquid  heat  rejection  loop.  (The  latter  loop 
has  been  subdivided  for  reliability.)  In  addition,  there  is  a  low  temper¬ 
ature  heat  rejection  loop  powered  by  an  EM  cooling  pump  that  transfers 
heat  from  a  coolant  heat  exchanger  to  a  low  temperature  radiator.  The 
coolant  in  the  side  of  this  heat  exchanger  opposite  the  low  temperature 
radiator  flow  loop  is  turbine  working  fluid  circulated  by  a  turbogenerator 
shaft  mounted  pump.  This  type  flow  network  permits  using  NaK  in  all 
radiator  loops  and,  thus,  minimizes  the  system  pre-start  freezing  problems. 
The  use  of  EM  pumps  in  the  auxiliary  system  of  both  the  turboelectric  and 
thermionic  systems  avoids  the  power  plant  startup  problem  of  bearing 
lubrication  supply  common  to  rotating  pumps. 

The  thermionic  system  has  two  main  circuits:  1)  primary  thermionic 
reactor  anode  coolant  loop,  and  2)  the  heat  rejection  loop,  which  is 
subdivided  for  reliability.  In  addition,  there  is  a  low  temperature 
coolant  flow  loop  powered  by  an  EM  pump  that  circulates  NaK  coolant 
through  the  system  EM  pumps,  controls,  and  power  conditioning  equipment 
and  through  a  low  temperature  radiator.  All  radiator  flow  loops  employ 
NaK  coolant. 

Table  12  provides  the  information  necessary  to  evaluate  the  component 
parts  of  an  over-all  pump  and  pump  power  conditioning  cooling  weight 
penalty.  These  component  parts  are  the  cooling  pumping  power  weight 
penalty,  the  cooling  radiator  and  associated  connecting  plumbing  weight 
penalty,  and  the  weight  of  cooling  pump  and  related  ducting  and  power 
conditioning  equipment.  The  Cooling  Pumping  Power  Weight  penalty  may  be 
defined  as:  ~ 

Cppw  -  Pump  and  Pump  PC  Cooling  Power  Wt .  Penalty 
KW  Input  to  All  System  EM  Pump  Power  Supplies 
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TABLE  12.  WEIGHT  FACTORS  FOR  SPACE  POWER  EM  PUMPS 
(One  MW  Power  Plant 


Pump 

AC  Pumps  1 

DC  Pumps 

Pump 

Function 

Power 

Output, 

kw^ 

Eff ., 

% 

Power 
Input , 
kwd 

Heat  To 
Coolant , 
kw^ 

Eff., 

% 

Power 

Input, 

kw^ 

Heat  To 
Coolant , 
kw® 

Turboelectric  System 

Primary  Coolant 
Circulation 

6.5 

18 

36 

15 

20 

32 

13 

Boiler  Feed 

3.5 

12 

29 

13 

20 

18 

7.0 

Radiator  Coolant 
Circulation 

11 

16 

69 

29 

20 

55 

22 

Pump  Coolant 
Circulation 

0.25 

10 

2.5 

2.5 

18 

1.4 

1,4 

Totals 

21 

135 

60 

— 

106 

43 

Coolant  Pump  Wt . ,  lb . 

60 

15 

Thermionic  System 

Primary  Coolant 
Circulation 

2.6 

18 

15 

6.0 

20 

13 

5.2 

Radiator  Coolant 
Circulation 

11 

16 

69 

29 

20 

55 

22 

Pump  Coolant 
Circulation 

0.12 

10 

1.2 

1.2 

18 

0.6 

28 

Totals 

13 

— 

85 

36 

— 

69 

28 

Coolant  Pump  Wt . ,  lb . 

35 

12 

^All  estimates  in  this  table  are  based  on  a  1  MW  electrical  output  space  power  plant. 
The  main  pumping  functions  in  the  respective  power  plants. 

^Hydraulic  power  developed  by  the  pump. 

^Includes  power  supply  losses. 

^Includes  heat  load  to  the  cooling  system  from  the  pump  and  its  power  supply. 
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The  CPPW  parameter  can  also  be  expressed  as: 


_ Power  Input  to  System  Cooling  Pumps _ 

Total  Power  Input  to  all  System  Pump  Power  Supplies  ^  Power  Wt .  Penalty 


From  the  data  in  Table  12,  the  following  numbers  may  be  obtained: 
For  ac  pump  application  to  turboelectric  system, 

CPPW  =  X  10  =  0.18  Ib/kw 


For  dc  pump  application  to  turboelectric  system. 


X  10  =  0.13  Ib/kw 

106 

For  ac  pumps  in  thermionic  system, 

CPPW  =  X  9  =  0.13  Ib/kw 

oo 

For  dc  pumps  in  thermionic  system, 

CPPW  =  X  9  =  0.08  Ib/kw 


From  space  power  system  design  studies,  such  as  those  reported  in 
reference  100,  the  weight  of  a  heat  rejection  radiator  structure  designed 
for  operation  in  the  temperature  range  of  600  ®F  to  800  ^F  can  be 
estimated  at  2  Ibs/kw  loss  heat.  To  arrive  at  a  pump  and  pump  power 
supply  cooling  weight  penalty  which  is  referred  to  the  power  input  to 
the  pump  power  supply,  the  fact  that  not  all  the  pump  and  pump  power  supply 
losses  are  transferred  to  the  low  temperature  radiator  coolant  must  be 
considered.  The  pump  losses  delivered  to  this  coolant  as  heat  are  indicated 
for  each  pump  application  defined  in  Table  12. 


Cooling  Radiator  Wt .  Penalty  ^  2  Ibs/kw  x  Loss  Delivered  to  Coolant 

KW  power  Input  to  Pumps  Total  Power  Input  to  Pump  Power  Supply 
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For  the  four  cases  under  consideration,  this  weight  penalty  is  (from 
Table  12)  as  follows: 


For  ac  pumps  in  turboelectric  systems 

59.4 


2.0  X 


136 


0.9  Ib/kw 


For  dc  pumps  in  turboelectric  systems, 


2.0  X 


43.4 

106 


0.8  Ib/kw 


For  ac  pumps  in  thermionic  systems 


2.0  X  =  0.85  Ib/kw 

o5 


Foi  dc  pumps  in  thermionic  systems, 

27.8 


2.0  X 


69 


=  0.8  Ib/kw 


The  quantity:  Cooling  Pump  Weight  Penalty/Total  Power  Input  to  System 
Pumps  for  the  four  cases  of  interest  from  the  data  in  Table  12  are 

For  ac  pumps  in  turboelectric  system, 


60 

136 


=  0.44  Ib/kw 


For  dc  pumps  in  turboelectric  system. 


15 

106 


=  0.14  Ib/kw 


For  ac  pumps  in  thermionic  system, 


85 


0.41  Ib/kw 
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li 

69 


0.17  Ib/kw 


By  combining  the  three  components  of  the  pump  cooling  weight  penalty, 
a  total  pump  cooling  weight  penalty  can  be  obtained  for  each  of  the  four 
cases  of  interest: 


Total  Pump  and  Pump  Power  Supply  Cooling  Weight  Penalty 
Total  Power  Input  to  System  Pump  Power  Supplies 

For  alternating  current  pumps  in  turboelectric  system, 

0,18 

0.90 

0.44 

1.52  1.5  Ibs/kw 

Similarly : 

For  direct  current  pumps  in  turboelectric  system  ^  1.1  Ibs/kw 
For  alternating  current  pumps  in  thermionic  system  ^1.4  Ibs/kw 
For  direct  current  pumps  in  thermionic  system  1.1  ibs/kw 


Since,  obviously,  the  cooling  weight  penalty  is  a  small  fraction  of  the 
pump  total  equivalent  weight,  it  is  reasonable  to  assume  a  blanket  weight 
penalty  of  1.5  Ibs/kw  pump  and  a  pump  power  conditioning  cooling  weight 

penalty  for  all  types  of  EM  pumps  in  either  turboelectric  or  thermionic 
power  systems. 


F.  Summary  of  Weights  and  Penalties 

To  summarize  the  results  of  the  preceding  analyses,  the  weights  and 
penalties  to  be  used  in  the  final  selection  of  pumps  are  presented  in 
Table  13.  In  the  concluding  form  presented  here,  all  weight  items,  except 
the  power  factor  penalty,  are  evaluated  in  pounds  per  kilowatt  power 
input  to  the  pump  power  supply.  The  summation  renders  a  simple  two-part 
total  that  permits  easy  computation  of  the  weight  criteria  for  pump 
selection  which  appear  in  Section  V.  Note  that  the  weight  penalty  varies 
not  only  with  the  type  power  plant  but  also  with  the  form  of  power  input 
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table  13.  WEIGHTS  AND  PENALTIES  FOR  EM  PUMPS 
IN  SPACE  POWER  PLANTS 


Weights  and 

Penalties 

Turboelectric  System 

Thermionic 

System 

Weight  Item 

AC  Pump 

DC  Pump 

AC  Pump 

DC  Pump 

Power  Input,  Ib/kw 

10 

10 

9 

9 

Power  Supply,  Ib/kw 

1 

1 

1.6 

1.5 

Efficiency,  % 

90 

80 

87 

80 

Cooling,  Pump  and 

Power  Supply,  Ib/kw 

1.5 

1.5 

1.5 

1.5 

Power  Factor,  Ib/kvar 

0.75 

— 

0.5 

Total  Wt.  Penalties 

Power  and  Cooling,  Ib/kw^ 

12.5 

12.5 

12.1 

12 

Power  Factor,  Ib/kvar^ 

0.75 

0.50 

^To  be  applied  to  the  power  input  to  the  pump  power  supply. 
^To  be  applied  to  the  reactive  power  of  the  pump  only. 
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V.  PUMP  SELECTION  AND  DESIGN 


A.  Design  Guides  and  Restraints 

EM  pump  design  for  this  program  comprised  a  broad  study  of  a  variety 
of  pump  types  for  diverse  combinations  of  pumped  fluids,  flows,  developed 
pressures,  and  temperatures.  Detailed  mechanical  designs,  requiring 
complete  layouts,  stress  analysis,  temperature  distribution  analysis, 
metal  joining  procedures,  etc,,  have  not  been  made  for  any  of  the  ratings. 
To  maintain  reasonable  consistency  between  designs,  preferred  ranges  and 
limits  for  certain  sensitive  quantities  have  been  established  and  observed. 
These  quantities  and  a  rationale  for  their  choice  are  discussed  here. 

1.  Fluid  Velocities 


Increasing  the  velocity  of  the  fluid  in  the  pumping  section  tends  to 
reduce  the  size  and  weight  of  an  EM  pump.  Erosion,  hydraulic  loss,  or 
cavitation  considerations  may  limit  the  maximum  velocity.  With  the  fluids 
and  the  containment  materials  considered  in  this  study,  erosion  should  not 
impose  any  practical  limitations.  Within  the  velocity  limits  for  which 
hydraulic  loss  is  acceptable,  from  a  pump  efficiency  standpoint,  the  pump 
suction  pressures  specified  will  provide  sufficient  static  pressure  at  the 
entrance  to  the  pumping  section  to  prevent  cavitation  for  all  cases,  except 
the  condensate  boost  pump  at  a  rated  NPSH  of  10  ft  and  lower.  For  this 
application,  the  fluid  velocity  must  be  limited  at  the  pump  suction  to 
maintain  a  static  pressure  which  exceeds  the  vapor  pressure.  This  can  be 
accomplished,  at  the  cost  of  additional  weight,  by  using  low  fluid  veloc¬ 
ities  throughout  the  pump.  The  effect  of  using  low  fluid  velocity  is 
shown  in  Section  V.B.  Alternatively,  flow  passages  of  varying  cross 
section  may  be  employed  to  limit  the  fluid  velocity  at  the  pump  entrance 
to  prevent  cavitation  then  increase  it.  to  the  desired  pumping  velocity 
as  the  fluid  moves  into  the  pumping  section  and  the  static  pressure  is 
increased.  The  design  of  duct  passages  of  varying  cross  section  appears 
feasible,  but  the  details  have  not  been  developed. 

The  pump  characteristics  presented  in  this  report  are  based  on  duct 
velocities  selected  primarily  on  the  basis  of  a  weight-efficiency  compromise. 
Duct  fluid  velocities  are  20  to  30  ft/sec  in  the  helical  pump  designs,  30  to  40 
ft/sec  in  the  annular  and  flat  pump  designs,  and  20  to  40  ft/sec  in  the  dc 
pump  designs.  These  are  approximately  the  same  velocities  used  in  presently 
operative  pumps  and  somewhat  less  than  the  fluid  velocities  in  the  EM  pumps 
used  in  the  USS  Seawolf  and  the  Experimental  Breeder  Reactor  II  secondary 
loop. 
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2.  Duct  Wall  Thickness 


The  choice  of  duct  wall  thickness  was  a  compromise  between  efficiency 
and  reliability.  Ducts  may  be  either  conducting  (metallic)  or  non¬ 
conducting  (nonmetallic,  e.g.,  ceramic).  Nonconducting  duct  walls  of 
minimum  thickness  minimize  pump  losses.  Using  ceramic  materials  for 
duct  walls,  however,  adds  extremely  difficult  problems  and  certainty 
of  a  significantly  lower  reliability  than  is  realizable  with  a  metallic 
duct  constructed  of  the  material  used  in  the  remainder  of  the  system. 

The  losses  associated  with  conducting  duct  walls  of  practical  thickness 
in  EM  pumps  are  approximately  10%  of  the  power  input.  All  the  pump 
designs  reported,  therefore,  use  conducting  duct  walls  constructed  of  the 
material  selected  for  the  system  involved.  This  avoids  bimetallic  joints 
and  stresses  caused  by  different  coefficients  of  expansion  of  the  materials 
and  thus  contributes  to  simplicity  and  reliability. 

Pump  sizes  and  pressures  are  such  that  metallurgical  and  fabrication 
considerations,  rather  than  stress  considerations,  will  determine  minimum 
duct  wall  thickness  in  most  of  the  pump  ratings.  Since  duct  losses  are 
approximately  proportional  to  duct  wall  thickness  in  all  EM  pumps 
considered,  maximum  pump  efficiency  is  associated  with  minimum  duct  wall 
thickness.  Electromagnetic  pump  designs  which  are  ultimately  proved  for 
use  in  space  power  plants  will  doubtless  have  duct  wall  thicknesses  that 
vary  with  parameters,  such  as  pump  type,  duct  material,  pump  size,  and 
fluid  pressure.  For  this  study,  however,  a  duct  wall  thickness  of  0.025 
in.  has  been  used  arbitrarily  in  all  the  pump  designs  reported. 

3.  Heat  Transfer 


In  electromagnetic  devices,  winding  temperature  is  usually  a  major 
design  limitation.  Its  accurate  prediction  is  also  one  of  the  more 
difficult  design  tasks,  particularly  when  design  proportions,  boundary 
conditions,  and  thermal  circuit  materials  differ  considerably  from  designs 
which  have  been  thoroughly  tested.  In  the  application  of  EM  pumps  in 
space,  the  thermal  design  problem  is  compounded  by  the  hard  vacuum  environ¬ 
ment  which,  if  permitted  to  apply  in  the  region  occupied  by  the  pump 
windings,  severely  affects  the  transfer  of  the  I^R  loss  in  the  windings 
to  the  heat  sink.  The  vacuum  also  limits  the  choice  of  insulating  materials 
to  those  which  will  maintain  physical  and  dielectric  integrity  after 
prolonged  outgassing  at  operating  temperature  in  vacuum. 

In  a  broad  study  such  as  this,  a  comprehensive  investigation  of  the 
heat  transfer  in  each  pump  design  considered  is  not  possible.  Accordingly, 
establishing  a  general  approach  to  heat  transfer,  which  will  lead  to 
reasonable,  but  relatively  simple,  criteria  for  thermal  design  of  all  the 
EM  pump  windings,  is  necessary.  With  this  background,  the  following 
approach  to  heat  transfer  was  adopted: 


-112- 


1)  It  is  assumed  that  the  windings  operate  at  an  average 

temperature  of  750  °F  and  that  the  pump  coolant  is 
supplied  at  600  the  bearing  and  generator  coolant 

temperature  in  the  systems  shown  in  Figures  74  and  75. 

2)  The  winding  cavity  is  completely  sealed  by  a  suitable 
metallic  material,  e.g.,  stainless  steel.  This  region 
is  charged  with  gas,  probably  nitrogen,  at  approximately 
one  atmosphere  pressure  at  operating  temperature.  To 
minimize  the  heat  flow  fr^m  the  duct  to  the  pump 
magnetic  structure,  the  pump  duct  is  excluded  from  the 
enclosed  region. 

3)  Either  the  magnetic  structure  of  the  pump  or  the  exterior 
surface  of  the  sealed  envelope  will  be  conduction  cooled 
by  the  liquid  metal  coolant. 

This  approach  appears  reasonable,  considering  the  current  state  of  the 
art,  and  can  be  modified  or  changed  to  incorporate  advances  in  related  arts 
as  they  occur.  The  approach,  however,  does  have  certain  disadvantages: 

1)  The  necessity  of  maintaining  a  sealed  envelope  for 
containing  the  windings  introduces  an  additional 
failure  mode.  The  resultant  improvement  in  insulation 
system  reliability  and  the  improved  pump  performance 
permitted  by  the  favorable  heat  transfer  realized, 
however ,  is  believed  to  more  than  compensate  for  this 
tendency  to  reduce  reliability. 

2)  In  induction  pumps,  the  portion  of  the  metallic 
envelope  in  the  magnetic  field  experiences  eddy  current 
loss,  which  is  proportional  to  the  wall  thickness  and 
the  electrical  conductivity  of  the  envelope.  Since  the 
envelope  has  no  physical  connection  to  the  liquid  metal 
system,  it  may  be  fabricated  from  a  material  having 
relatively  low  electrical  conductivity.  The  helical, 
annular,  and  flat  pump  performance  data  reported  are  based 
on  an  envelope  fabricated  from  austenitic  stainless  steel 
with  a  wall  thickness  of  0.015  in. 

Winding  temperature  distribution  calculations  were  made  for  all  the 
final  designs  reported  in  Section  V.B  and  the  maximum  and  average  temperature 
rises  above  the  coolant  temperature  are  indicated.  These  calculations  were 
based  on  standard  heat  flow  calculational  procedures,  using  computer  programs. 
Pertinent  thermal  resistivities  are  cited  in  Section  III.D, 


/ 

/ 
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4.  Current  Densities 


No  restrictions  have  been  placed  on  current  densities  in  the  fluids, 
the  duct  walls,  and  the  stator  envelope.  These  current  densities  are 
determined  by  the  pump  weight  and  efficiency  design  optimization  procedure. 
Pump  characteristics,  particularly  efficiency,  weight,  and  winding  temper¬ 
ature,  are  quite  dependent  upon  the  current  density  in  the  pump  windings. 
Trial  designs  and  experience  suggested  that,  for  induction  pumps,  winding 
current  densities  would  be  limited  by  allowable  winding  temperatures.  For 
helical  and  flat  induction  pumps,  current  densities  of  approximately  3300 
amp/in.^  were  used;  for  annular  pumps,  current  densities  of  approximately 
3600  amp/in.^  were  used.  The  higher  values  used  in  annular  pumps  reflect 
slightly  better  heat  transfer  from  the  pump  windings  because  of  the  shorter 
lengths  of  coils  external  to  the  slots  in  the  magnetic  steel.  In  dc  pumps, 
the  choice  of  winding  current  density  is  based  on  a  weight-efficiency 
compromise.  Trial  calculations  indicated  an  optimum  in  the  4000  to  5000 
amp/in.^  range,  and,  therefore,  a  current  density  of  4500  amp/in.  was 
used  in  all  dc  pump  designs  reported. 

5 .  Flux  Densities 

In  electromagnetic  devices,  the  choice  of  flux  density  is  usually  based 
on  a  compromise  between  weight  and  performance.  Using  higher  flux  densities 
permits  lower  weight  at  the  cost  of  a  tendency  to  reduce  efficiency  and 
increase  winding  temperatures.  The  nonlinearity  of  the  magnetization 
characteristics  of  most  ferromagnetic  materials  is  such  that  saturation 
places  a  fairly  well  defined  upper  limit  on  the  value  of  the  flux  density 
which  is  practical  to  use.  In  certain  pumps  using  distributed  windings, 
such  as  helical  and  flat  induction  pumps,  winding  end  turn  considerations, 
rather  than  saturation  considerations,  often  limit  magnetic  tooth  and  slot 
proportions.  Precise  determination  of  the  optimum  requires  detailed 
layout  and  study  of  each  pump  type  at  each  rating.  In  the  induction  pump 
designs  reported,  peak  flux  densities  of  90  to  100  kilolines ^in .  and  a 
tooth  width  to  slot  width  ratio  of  approximately  0.5  were  used.  In  the 
dc  pumps,  peak  flux  densities  of  120  kilolines/in.  were  used. 

6.  Insulation  Allowances 

Insulation  allowances  are  selected  as  a  compromise  between  dielectric 
strength  and  pump  weight.  The  improvement  in  pump  weight,  which  may  be 
made  by  reduction  in  insulation  allowances,  is  proportional  to  the  ratio 
of  the  volume  of  insulation  associated  with  a  conductor  to  the  volume  of 
the  conductor  itself.  Direct  current  pump  windings  operate  at  voltages 
in  the  order  of  one  volt,  and  each  conductor  normally  has  a  cross  section 
in  the  order  of  one  in.^.  Insulation  allowances  are  very  low,  and  pump 
weight  is  not  sensitive  to  proportionally  large  changes  in  insulation 
allowances.  Consequently,  insulation  allowances,  as  such,  are  included 
in  the  general  requirement  that  the  area  in  the  dc  magnet  through  which 
the  series  windings  pass  be  twice  the  maximum  total  cross-sectional  area 
of  the  conductor  passing  through  the  area  (also  known  as  the  window  area) . 
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System  considerations  lead  to  the  design  of  ac  induction  pumps  for 
voltages  of  approximately  100  volts.  Pump  current  is  relatively  low, 
therefore,  and  insulation  volume  is  a  substantial  fraction  of  conductor 
volume.  Based  on  an  appraisal  of  available  insulating  materials, 
anticipated  environmental  conditions,  and  experience,  insulation 
allowances  of  0.005  in.  between  strands  and  0.0275  in.  from  conductor 
to  slot  walls  were  chosen  for  all  induction  pumps  reported.  These 
allowances  are  consistent  with  the  dielectric  strength  of  nitrogen, 
proposed  for  the  stator  winding  cavity  in  Section  III.D. 

7 .  Frequency 


The  general  study  of  EM  pumps  reported  in  Section  III.B  indicates 
the  desirability  of  low  frequency  as  a  source  of  power  for  EM  pumps. 
Accordingly,  since  frequency  reduction  is  required,  the  designs  are 
based  on  a  free  choice  for  frequency.  In  practice,  trial  designs  were 
made  for  most  ratings  at  50,  100,  200  and  400  cps  and  final  selections 
were  made  from  this  group. 


B,  Characteristics  of  Selected  EM  Pumps 


Table  2  lists  the  pump  applications  to  be  studied  in  this  program  and 
the  ranges  for  the  various  parameters.  A  series  of  separate  pump  designs 
were  made  for  each  application  with  parameters  chosen  systematically  from 
the  study  ranges  specified.  The  specific  parameters  for  which  separate 
designs  were  made  for  all  applications  are  shown  in  Table  14.  Designs 
were  made  for  seven  pressure-flow-temperature  combinations  for  each  appli¬ 
cation.  To  illustrate  the  effect  of  very  low  suction  pressure  on  pump 
weight  and  performance  additional  designs  were  made  for  the  condensate 
boost  application.  Design  and  performance  calculations  are  reported  for 
at  least  one  polyphase  induction  pump  type  for  the  seven  ratings  indicated. 
Similar  calculations  are  reported  for  dc  conduction  pumps  for  the  first 
five  ratings. 

Primary  emphasis  was  on  the  design  point  rating,  i.e.,  the  rating  at 
which  all  parameters  have  design  point  values.  Design  calculations  for 
the  design  point  were  made  for  at  least  three  frequencies  between  50  cps 
and  400  cps  for  the  induction  pump  type  selected.  At  each  frequency,  an 
optimum  configuration  was  derived  by  varying  the  design  parameters  system¬ 
atically  to  determine  the  combination  for  which  pump  weight  plus  ten  times 
the  power  input  in  kilowatts  was  minimum.  Thus,  a  first  optimization  was 
obtained  based  on  the  fact  that  pump  weight  and  power  penalty  constitute 
the  major  part  of  the  weight  criterion  of  an  EM  pump.  Only  those  config¬ 
urations  with  proportions  deemed  reasonable  for  construction  were  considered. 
Optimum  designs  for  dc  conduction  pumps  were  derived  similarly.  Optimization 
of  the  other  ratings  in  the  study  range  was  conducted  in  a  similar  manner 
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TABLE  14.  PUMP  DESIGN  PARAMETER  COMBINATIONS 


Rating 

Number 

FLOW 

PRESSURE 

TEMPERATURE 

Min. 

Design  Pt . 

Max . 

Min . 

Design  Pt . 

Max . 

Min . 

Design  Pt . 

Max . 

1 

X 

X 

X 

2 

X 

X 

X 

3 

X 

X 

X 

4 

X 

X 

X 

5 

X 

X 

X 

6 

X 

X 

X 

7 

1 

X 

X 

X 

but  fewer  frequencies  were  considered  and  the  process  was  not  carried 
as  far  as  for  the  design  point  ratings.  Computations  were  made  on 
approximately  1000  designs.  Of  these,  89  are  reported  in  the  following 
discussion.  Various  physical  properties  of  the  liquid  metals  and  the 
duct  materials  were  taken  from  the  curves  in  Section  III.D.  Other 
design  parameters  were  based  on  the  design  guides  in  Section  V.A. 

1 ,  Condensate  Boost  Pump:  Potassium 

Performance  characteristics  for  nineteen  EM  pump  designs  for  the 
condensate  boost  pump  application  are  summarized  in  Table  15.  Designs  1 
through  5  are  for  the  design  point.  Designs  6  through  17  are  for  other 
ratings  selected  from  the  study  range,  and  designs  18  and  19  are  for  the 
design  point  with  the  fluid  velocity  reduced  severely  to  prevent  cavitation 
when  the  suction  pressure  is  very  low. 
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TABLE  15.  CHARACTERISTICS  OF  SELECTED  EM  PUMP  DESIGNS 
I  Turboelectric  Condensate  Boost:  Potassium 


<D 

-p 

o 

p 

p 

p 

a 

P!  • 
•H  < 


P  > 
•  PJ 

S3  oi  P! 

bi)  O  O 


•H  O 

a  ® 


CO 


m  CQ 
O 

P  T3 
P  OT  -H 

Pi<  O  3 
°  “ 


P! 

O 

•H 

P 

O 

3 

T3  • 
S3  P! 
•H  O 
'H 
r-H  P 
0}  O 

•H  T3 
>-<  Pl 


J3  :3 

0  rt 

II  cn  u 

aJ  TJ 

M  43 

ffi  a  ffi  r 

O  *0  0 


-117- 


Pump  Weight"  divided  by  "Power  Output"  as  shown  in  this  table 


a.  Description  of  Pump  Designs,  Design  Point 


1.  Helical  Induction  Pump.  Designs  1  through  4  in  Table  15  are  helical 
induction  pumps  designed  for  100,  150,  200,  and  400  cps,  respectively.  In 
general,  the  designs  for  the  higher  frequencies  tend  to  be  somewhat  lighter 
and  less  efficient,  although  the  changes  are  slight  over  this  frequency 
range.  As  indicated  in  Section  V.D,  pump  design  3  at  200  cps  gives  the 
best  system  performance  of  the  induction  pump  designs  for  the  design  point. 

The  distribution  of  the  losses  for  this  design  is  indicated  in  Table  16. 

Figure  76  is  a  reduced  size  layout.  Performance  curves  are  shown  in  Figure 
77.  Other  helical  induction  designs  for  the  design  point  are  quite  similar 
to  that  in  Figure  76.  Many  of  the  detailed  design  features  in  Figure  76, 
such  as  weld  preparations,  would  doubtless  be  modified  if  a  complete 
mechanical  design  were  made. 

The  duct  is  AISI  Type  316-L  SS.  The  duct  assembly  comprises  an  outer 
cylinder,  an  intermediate  cylinder  in  which  helical  passages  are  machined, 
an  assembly  of  magnetic  core  laminations,  an  inner  cylinder,  end  members 
connecting  and  closing  the  cylinders  at  the  ends,  and  inlet  and  outlet 
connections.  The  radial  wall  thicknesses  of  both  outer  and  intermediate 
duct  cylinders  are  0.025  in.  The  helical  passages  are  approximately  square 
with  a  side  width  of  approximately  0.34  in. ;  there  are  two  such  passages 
hydraulically  in  parallel.  The  axial  width  of  the  boundaries  of  the  flow 
passages  is  0.02  in.  The  inner  cylinder  is  not  linked  by  the  magnetic 
field  and,  hence,  it  may  have  any  convenient  wall  thickness.  The  pipe 
illustrated  is  3/4  in.  schedule  40.  The  core  is  composed  of  one-piece 
laminations  with  the  principal  planes  of  the  laminations  perpendicular  to 
the  axial  centerline  of  the  duct.  Any  of  the  available  cobalt  iron  alloys  ^ 
appear  adequate,  since  the  flux  density  may  be  maintained  at  50,000  lines/in. 
without  significant  weight  penalty.  Because  of  the  low  flux  density  and  low 
frequency,  lamination  thickness  is  not  critical.  An  inorganic  interlaminar 
insulation  which  is  not  subject  to  continued  outgassing  or  reaction  with 
the  magnetic  core  at  1200  °F  is  required.  Possible  materials  are  discussed 
in  Section  III.D. 

The  stator  assembly  comprises  the  cooling  coil  assembly,  which  is  welded 
or  brazed  to  the  radial  periphery  of  the  cylindrical  frame;  the  cylindrical 
frame;  the  stator  laminations;  the  stator  winding;  and  the  stator  can.  The 
cooling  coil  assembly,  which  is  made  of  stainless  steel  tubing  3/8-in.  OD 
by  0.028-in.  wall  thickness,  constitutes  the  heat  sink  for  the  pump.  It 
is  supplied  with  NaK  at  600  °F.  Pump  winding  temperature  is  relatively 
insensitive  to  coolant  flow  rate  at  flows  of  one  gpm  or  higher. 

Since  the  cylindrical  frame  must  support  the  stator  lamination  assembly 
and  contain  the  gas  in  the  stator  winding  cavity,  its  design  is  determined  by 
structural  considerations.  A  nominal  wall  thickness  of  1/8  in.  has  been 
used  and,  to  simplify  the  stator  frame  to  stator  can  connection,  austenitic 
stainless  steel,  also  used  for  the  stator  can,  is  preferred. 
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TABLE  16.  POWER  DISTRIBUTION  FOR  CONDENSATE  BOOST  PUMP 
(Design  Point;  Helical  Induction  Application;  200  cps)^ 


Design  Point 

Data 

Item 

KW 

Percent 

Input 

Pump  Output 

0.20 

10 

Stator  Winding  Loss 

0.52 

26 

Secondary  (Fluid)  Loss 

0.88 

43 

Iron  Loss 

0.2 

10 

Duct  Wall  Loss  (0.025  in.) 

0.11 

5 

Stator  Can  Loss 

0.  05 

3 

Hydraulic  Loss 

0.07 

3 

Total  Power  Input 

2.03 

100 

^See  Design  3,  Table  15. 
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The  stator  laminations  will  be  at  a  temperature  of  approximately  700®F . 

As  indicated  in  Part  A  of  this  section;  flux  densities  are  approximately 
90  000  lines/in, Because  an  important  function  of  the  stator  laminations 
is  to  conduct  the  losses  to  the  heat  sink,  high  thermal  conductivity  is 
desirable.  The  low  silicon  magnetic  steels,  common  iron,  or  the  cobalt- 
iron  alloys  afford  a  satisfactory  combination  of  thermal  and  magnetic 
properties.  Calculations  are  based  on  common  iron.  Lamination  thickness 
is  not  critical  and  may  be  0.025  in.  or  less.  A  stable  interlaminar  in 
sulation  is  required  to  avoid  pressure  buildup  in  the  stator  winding 
cavity  and  to  avoid  interlaminar  eddy  current. 

The  stator  winding  is  two  pole,  three  phase,  lap  wound,  two  coil  sides 
per  slot.  Eighteen  slots,  0.32-in.  wide  by  0.75-in.  deep,  are  used  and 
the  individual  coils  are  form  wound  using  rectangular  wire.  (Random 
wound  coil  construction  using  round  wire  is  possible  and  may  prove  pre¬ 
ferable.)  A  total  conductor  cross  section  of  2.65  in.  is  used,  with  a 
mean  length  of  turn  of  26  inches.  Performance  calculations  are  based  on 
copper  windings  with  a  resistivity  of  1.75  -ohm-in.  at  750°F.  Ground 
wall  insulation  and  insulation  between  turns  are  assumed  to  be  0,02o  in. 
and  0.005  in.,  respectively.  This  design  has  eight  turns  per  coil.  When 
the  coils  are  wye  connected,  one  circuit  per  phase,  the  line  voltage  is 
76  volts  and  the  line  current  31,5  amp.  The  voltage  and  current  combination 
may  be  changed  by  changing  the  number  of  turns  per  coil.  The  stator  winding 
cavity  is  filled  with  nitrogen  at  approximately  one  atmosphere  of  pressure 
at  700®F.  Section  III.D  and  Section  V.A  discuss  electrical  conductors, 
electrical  insulation,  and  dielectric  gases  further.  Eddy  currents  produce 
loss  in  the  stator  can.  Austenitic  stainless  steel,  0,015-in.  thick,  is 
chosen  for  the  can.  Power  is  supplied  to  the  stator  windings  through  a 
ceramic  to  metal  seal  assembly  in  the  stator  envelope. 

The  thermal  insulation  between  the  pump  duct  and  the  stator  can  consists 
of  alternate  layers  of  austenitic  stainless  steel  cloth  and  strip  that  is 
laminated  to  reduce  eddy  current  loss.  Strip  dimensions  are  approximately 
0.003-in.  thick  by  0.3-in.  wide;  cloth  thickness  per  layer,  approximately 
0.010- in.  thick.  Thus,  about  four  layers  of  the  strip  and  cloth  combination 
may  be  placed  in  the  0.05  in.  available  for  thermal  insulation.  Section 
III.D  gives  data  on  similar  insulation  in  air. 

The  velocity  head  associated  with  the  fluid  velocity  of  25  ft/sec  in 
the  pump  duct  is  9.8  ft.  The  design  point  NPSH  of  10  ft  is  not  sufficient 
to  insure  the  absence  of  cavitation.  As  indicated  in  Section  III  ,B,  if  only 
10  ft  NPSH  is  available,  the  duct  entrance  velocity  should  be  limited  to 
approximately  18  ft/sec.  To  avoid  cavitation  with  an  NPSH  of  10  ft,  either 
of  two  approaches  appear  feasible.  In  the  most  direct  approach,  the  pump 
duct  velocity  is  simply  limited  to  18  ft/sec.  This  results  in  somewhat 
greater  pump  weight  and  lower  efficiency.  Line  19,  Table  15  indicates 
approximate  characteristics  for  a  200  cps  pump  for  the  design  point  charac¬ 
teristics  and  a  duct  velocity  of  15  ft/sec.  Compared  with  design  3,  this 
pump  has  a  weight  increase  of  approximately  23%  and  a  power  input  increase 
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of  approximately  31%.  Because  the  design  procedure  is  not  sufficiently 
precise  to  indicate  accurately  such  a  small  change  in  inlet  velocity, 
specific  design  calculations  were  not  made  for  a  pump  design  with  a  duct 
velocity  of  18  ft/sec. 

In  another  approach,  variable  cross-section  helical  passages  may  be 
used  to  limit  the  fluid  velocity  to  18  ft/sec,  or  less,  in  the  entrance 
region  of  the  pump  until  an  increase  in  pressure  is  developed  by  the 
electromagnetic  reaction.  Then,  the  cross  section  of  the  passages  may 
be  reduced  until  the  fluid  velocity  is  consistent  with  low  pump  weight 
and  power  input.  Although  this  approach  has  not  been  used  in  designs 
developed  to  date,  it  appears  feasible. 

Figure  77  shows  developed  pressure,  power  input,  and  power  factor  as 
a  function  of  flow  for  pump  design  3  in  Table  15.  Developed  pressure  is 
shown  for  four  different  voltages.  Power  input  varies  as  the  square  of 
the  voltage  and  is  illustrated  for  rated  voltage.  Power  factor  is 
independent  of  voltage.  Both  power  input  and  power  factor  are  relatively 
insensitive  to  flow.  The  shape  of  the  pressure-flow  rate  curves  illustrates 
the  suitability  of  this  pump  for  control  of  flow  by  voltage  variation. 

Table  16  shows  the  disposition  of  the  power  input  to  pump  design  3. 

The  predominant  losses  occur  in  the  stator  winding  and  as  resistive  loss 
in  the  potassium.  To  a  good  approximation,  duct  losses  are  directly 
Proportional  to  radial  duct  wall  thickness  and  inversely  proportional  to 
the  electrical  resistivity  of  the  duct  material.  That  little  will  be 
gained  by  using  a  thinner  duct  wall  or  a  material  of  higher  resistivity 
is  apparent.  Because  of  its  low  resistivity,  however,  columbium  as  a 
duct  material  introduces  significant  additional  duct  wall  loss,  unless 
the  wall  thickness  is  reduced, 

2.  DC  Conduction  Pump.  Calculated  performance  characteristics  and 
pump  weight  for  a  dc  conduction  EM  pump  for  the  design  point  rating  are 
given  in  Table  15,  design  5.  Figure  78  shows  several  views  of  this  pump 
configuration.  This  pump  is  of  the  uncompensated  series  excited  conduction 
type  with  1-1/2  effective  turns  in  the  exciting  winding.  At  the  rated 
point,  a  current  of  2310  amp  is  required  at  0.63  volt. 

The  duct  material  is  AISI  Type  316-L  SS.  The  cross-sectional  dimensions 
of  the  fluid  passage  are  0.125  in.  by  1.5  in.  The  length  of  the  pumping 
section,  in  the  direction  of  flow,  is  2  in.  The  wall  thickness  is  0.025  in. 
The  magnet  operates  at  the  approximate  temperature  of  the  fluid  pumped, 

1200  F,  and,  hence,  no  thermal  insulation  is  required  between  the  duct  and 
the  magnet.  To  prevent  leakage  currents  in  the  magnets,  however,  electrical 
insulation  is  required.  A  space  of  0.003  in.  on  either  side  of  the  duct  is 
allowed  for  this  insulation.  The  insulation  is  not  specified,  but  any 
mechanically  suitable  ceramic  would  be  adequate.  Two  layers  of  metallic 
foil,  seal  welded  at  the  edges  and  ceramic  coated  on  the  inner  surfaces, 
could  also  be  used  at  some  increase  in  insulation  thickness  but  with  a 
negligible  change  in  performance. 
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The  fluid  streams  in  the  inlet  and  outlet  flow  transition  sections 
at  either  end  of  the  pumping  section  are  separated  into  three  sections 
to  limit  the  fringing  current  in  the  fluid  and  the  duct  walls.  Thus, 
separate  sections  are  parelleled  by  headers  several  diameters  removed 
from  the  pumping  section.  In  Figure  78  the  three  flow  sections  of  the 
transition  regions  are  depicted  as  separate  in  the  pumping  section, 
with  the  adjacent  walls  welded  solidly  together.  If  the  metallic  walls 
between  adjacent  flow  passages  in  the  pumping  section  are  omitted,  leaving 
one  rectangular  passage,  performance  will  be  improved  slightly.  Detailed 
design  and  development  work  is  necessary  to  select  the  best  arrangement 
in  this  region. 

The  magnet  is  cobalt-iron,  probably  357o  cobalt.  Flux  densities  are 
43,000  lines/in. 2  and  120,000  lines/in. 2  in  the  air  gap  and  the  magnet, 
respectively.  No  conduction  cooling  of  the  magnet  is  shown  in  Figure  78, 
Section  III.D  discusses  properties  and  limitations  of  various  magnetic 
materials  at  high  temperatures.  Although  operation  at  1200  ®F  appears 
feasible,  the  magnet  temperature  may  be  reduced  readily,  if  this  becomes 
desirable,  by  using  cooling  coils  attached  to  the  periphery  of  the  magnet 
in  conjunction  with  thermal  insulation  between  duct  and  magnet  surfaces. 

Pump  performance  and  weight  would  be  adversely  affected,  but  only  slightly. 

The  performance  shown  for  design  5,  Table  15,  is  based  on  series 
windings  of  the  size  illustrated  in  Figure  78  having  an  electrical 
resistivity  of  2.37  -ohm-in.,  the  resistivity  of  copper  at  1200  ®F.  In 
the  illustration,  the  windings  are  cooled  by  radiation  to  space.  Elementary 
calculations  indicate  that  such  a  cooling  arrangement  may  be  feasible  at 
the  selected  current  density  of  4500  amp/in.^,  assuming  that  the  pump  is 
located  so  that  the  windings  can  effectively  radiate  to  space  or  to  objects 
at  temperatures  considerably  less  than  1200  °F.  If  such  a  location  is 
infeasible,  the  windings  may  be  conduction  cooled  by  a  liquid  metal  at  an 
appropriate  temperature  less  than  1200  °F  in  tubes  attached  to  the  surface 
of  the  windings  or  enclosed  within  the  surface  of  the  windings.  The 
winding-electrode  joint  region  poses  a  difficult  design  problem  In  the 
design  illustrated,  the  electrode  is  an  extension  of  the  duct  and,  hence, 
is  AISI  Type  316-L  SS.  The  electrode  may  be  an  integral  part  of  the  duct 
g-j; j»uc-t;ure  or  it  may  be  welded  to  the  sides  of  the  duct.  The  winding  is 
welded  or  brazed  to  the  electrode  in  the  joint  configuration  illustrated 
to  provide  maximum  contact  area.  This  leads  to  low  current  densities  in 
the  joint  and  electrode  area;  hence,  low  loss,  low  temperature  rise,  and 
low  voltage  drop  in  this  region.  This  concept  involving  a  bimetallic 
joint  with  abrupt  changes  in  cross-sectional  area  of  adjoining  parts,  and 
the  development  and  demonstration  of  a  reliable  design  in  a  formidable  task. 


-122- 


b.  Pump  Requirement  Parameter  Range.  Performance  for  EM  pumps  designed 
for  various  ratings  over  the  study  range  (Table  14)  is  shown  in  Table  15 
under  design  6  through  17.  In  all  these  designs,  duct  velocity  was  chosen 
without  regard  for  the  specified  design  point  NPSH  of  10  ft.  Rather,  the 
basis  for  selecting  velocity  was  the  efficiency-weight  trade-off.  It  is 
assumed  that  the  duct  passages  can  be  made  larger  in  the  inlet  section  of 
the  pumping  region  so  that  cavitation  can  be  avoided  with  an  NPSH  of  10  ft. 
Lines  18  and  19  show  performance  calculations  for  designs  utilizing  much 
lower  fluid  velocities  than  those  derived  from  an  efficiency-weight 
compromi se . 

Except  those  whose  performance  is  given  by  lines  8  through  10,  all 
designs  covered  in  Table  15  are  either  the  helical  induction  type  or  the 
dc  series  excited  conduction  type.  Although  individual  dimensions  differ 
greatly,  the  general  appearance  and  arrangement  of  these  pump  designs  is 
similar  to  that  illustrated  in  Figures  77  and  78.  Because  the  pump 
rating  applicable  to  designs,  8,^  9  and  10  involves  a  flow-pressure  combination 
which  is  better  suited  to  the  annular  induction  pump  than  the  helical 
induction  pump,  designs  of  the  annular  induction  type  were  chosen  for 
this  rating.  This  type  pump  is  shown  in  Figure  79  and  described  below. 


2.  Radiator  Coolant  Pump;  NaK 

a.  Description  of  Pump  Designs,  Design  Point.  The  design  point  pressure 
flow  combination  for  this  pump  is  such  that  induction  pumps  of  both  annular 
and  helical  types  are  applicable.  Accordingly,  performance  calculations 
were  made  for  designs  for  both  types.  Design  and  performance  calculations 
were  made  for  power  supply  frequencies  of  50,  100,  200,  and  400  cps.  Table 
17  lists  the  most  important  results  of  these  calculations.  At  equivalent 
or  slightly  lower  weights,  the  best  annular  designs  have  somewhat  better 
performance  than  the  best  helical  designs.  The  choice,  however,  is  narrow, 

1.  Annular  Induction  Pump.  Designs  1  through  4  in  Table  17  are 
annular  induction  pump  designs  for  50,  100,  200,  and  400  cps,  respectively. 
The  efficiency  is  a  maximum  for  the  100  cps  design  (line  2).  Pump  weight 
is  highest  for  the  50  cps  design.  It  decreases  rapidly  with  increasing 
frequency  to  200  cps  but  rises  slightly  for  the  400  cps  design.  The  best 
combination  of  efficiency  and  weight  is  at  100  to  200  cps.  The  200  cps 
design,  described  briefly  below,  is  the  basis  for  the  illustration  in 
Figure  79,  the  loss  distribution  in  Table  18  and  the  performance  charac¬ 
teristics  curves  in  Figure  80^ 

The  duct  is  AISI  Type  316-L  SS .  The  duct  assembly  comprises  an  outer 
cylinder  with  a  diameter  of  approximately  1.3  in.,  an  inner  cylinder  with 
a  diameter  of  approximately  1.0  in.,  a  magnetic  core  sealed  within  the 
inner  cylinder,  and  a  means  of  maintaining  the  inner  cylinder  concentric 
with  the  outer  cylinder.  The  wall  thickness  of  each  cylinder  is  0.025  in. 
Thus,  the  flow  passage  is  an  annulus  of  mean  diameter  1,15  in.  and  radial 
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TABLE  17.  CHARACTERISTICS  OF  SELECTED  EM  PUMP  DESIGNS 
II  Turboelectric  Radiator  Coolant:  NaK 
V  Thermionic  Radiator  Coolant:  NaK 
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♦Optimum  Design.  See  Tables  26  and  29. 


TABLE  18.  POWER  DISTRIBUTION  FOR  RADIATOR  COOLANT  PUMP  (NAK) 
(Design  Point;  Annular  Induction  Application;  200  cps)^ 


Item 

Design  Point 

KW 

Data 

Percent 

Input 

Pump  Output 

0.66 

12 

Stator  Winding  Loss 

0.81 

15 

Secondary  (Fluid)  Loss 

1.71 

32 

Iron  Loss 

0.3 

6 

Duct  Wall  Loss  (0.025  in.) 

1.23 

23 

Stator  Can  Loss 

0.45 

8 

Hydraulic  Loss 

0.2 

_ 4 

Total  Power  Input 

5.36 

100 

^See  design  3,  Table  17. 
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depth  0.15  in.  In  the  illustration,  the  core  is  depicted  as  comprising 
an  assembly  of  axially  oriented  square  wires  of  cobalt-iron  alloy. 
Alternatively,  laminations,  which  are  oriented  with  the  planes  containing 
the  major  dimensions  passing  through,  or  near,  the  axis  of  the  pump,  can 
be  used.  Core  material  and  interlaminar  insulation  requirements  are  the 
same  as  those  discussed  in  Section  V.B.l.  The  inner  duct  cylinder  and 
core  assembly  are  subject  to  axial  forces  transmitted  from  the  fluid, 
axial  forces  caused  by  eddy  currents  in  the  cylinder  walls,  and  radial 
magnetic  forces  proportional  to  the  radial  offset  of  the  assembly  from 
the  central  position  in  the  stator  bore.  All  these  forces  are  modest. 

The  positioning  means  illustrated  in  Figure  79  provides  axial  flexibility 
to  avoid  high  stresses  caused  by  differential  expansion.  The  pump  duct 
assembly  is  not  connected  mechanically  to  the  stator  assembly  since 
performance  is  not  affected  by  small  changes  in  the  axial  position  of  the 
duct  assembly. 


The  stator  assembly  comprises  the  cooling  jacket  on  the  radial  periphery 
of  the  frame,  the  frame,  the  stator  laminations,  the  stator  winding,  and 
the  stator  can.  The  cooling  jacket  illustrated  permits  passing  the  600 
NaK  coolant  across  the  entire  radial  periphery  of  the  frame.  Obviously, 
other  arrangements,  such  as  the  cooling  coils  illustrated  in  the  preceding 
section,  are  possible.  The  calculated  heat  flow  to  the  coolant  is  1.7  kw 
and,  hence,  a  flow  of  2  gpm  will  give  a  coolant  temperature  rise  of 
approximately  35  °F.  The  stator  frame  serves  principally  to  support  the 
cooling  jacket  and  the  stator  can.  For  compatibility  with  the  stator  can 
and  the  coolant,  austenitic  stainless  steel  is  selected  for  the  fiame. 
Considerations  governing  the  choice  of  stator  laminations,  interlaminar 
insulation,  and  dielectric  gas  in  the  stator  winding  region  are  similar  to 
those  discussed  in  Section  V.B.l,  and  the  choices  are  identical. 

The  stator  winding  is  six  pole,  three  phase,  one  coil  side  per  slot, 
two  slots  per  phase  per  pole.  The  coils  are  toroidal  in  form  with  eighteen 
turns  per  coil.  Each  turn  consists  of  one  strand  of  rectangular  wire  0.075 
in,  by  0.135  in  in  cross  section.  Ground  insulation  and  turn-to-turn 
insulation  are  0.025  in.  and  0.005  in.  thick,  respectively.  Windings  are 
assumed  to  be  copper  with  a  resistivity  of  1.75  |j -ohm-in,  at  750  °F.  Winding 
interconnections  are  made  at  the  outside  diameter  of  the  coils.  When  the 
windings  are  wye  connected,  one  circuit  per  phase,  a  line  voltage  of  152 
volts  and  a  line  current  of  56  amp  are  required  for  the  design  point  rating. 

The  voltage  and  current  combination  may  be  changed  by  changing  the  number  of 
turns  per  coil  and  the  connection  arrangement.  Sections  III.D  and  V.A 
discuss  electrical  conductors,  electrical  insulation,  magnetic  materials,  and 
dielectric  gases  further.  The  stator  can  passes  through  the  magnetic  field 
in  the  stator  bore  and,  hence,  experiences  loss  caused  by  eddy  currents. 

Austenitic  stainless  steel  0.015  in.  thick  is  chosen  for  the  stator  can.  Power 
is  supplied  to  the  windings  through  ceramic  to  metal  seals  in  the  stator  envelope. 

Thermal  insulation  with  the  same  construction  and  thickness  described 
in  Section  V.B.l  is  located  in  the  space  between  the  duct  outside  diameter 
and  the  stator  can.  The  fluid  velocity  in  the  duct  is  40  ft/sec.  The  design 
point  suction  pressure  of  30  psia  is  sufficient  to  prevent  cavitation. 
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Table  18  gives  the  loss  distribution.  The  resistive  loss  in  the  NaK 
pumped  is  the  predominant  loss;  duct  wall  loss  and  stator  winding  loss 
are  next  in  magnitude.  The  performance  curves  shown  in  Figure  80  are 
similar  to  those  for  the  condensate  boost  pump  discussed  in  Section 

V.B.l. 


2.  Helical  Induction  Pump.  Designs  5  through  8  in  Table  17  are 
helical  induction  pump  designs  for  50,  100,  200,  and  400  cps,  respectively. 
Pump  efficiency  is  best  for  the  50  cps  design;  it  decreases  with  increasing 
frequency  for  the  100,  200,  and  400  cps  designs.  Pump  weight  is  a  minimum 
for  the  200  cps  design.  The  100  cps  design,  line  6,  offers  the  best 
combination  of  efficiency  and  weight.  Layouts  have  not  been  made  for  these 
designs.  Aside  from  dimensional  changes,  however,  the  general  arrangements, 
materials  choices,  power  disposition,  and  performance  characteristic 
curves  are  similar  to  those  cited  in  Section  V.B.l,  Figures  76  and  77, 
and  Table  16. 

3*  DC  Conduction  Pump.  Designs  9  and  10  in  Table  17  are  uncompensated 
series  excited  dc  conduction  pump  designs.  Design  9  is  light  weight  with 
relatively  low  efficiency,  while  design  10  is  heavier  with  higher  efficiency. 
Evaluated  on  a  10  Ibs/kw  input  basis,  they  appear  to  be  about  equally 
attractive.  These  designs  illustrate  the  trade-off  relationship  for  weight 
and  efficiency. 

A  layout  has  not  been  made  for  a  dc  conduction  pump  for  this  rating. 

Both  designs  9  and  10,  Table  17,  however,  have  1-1/2  turns  in  the  exciting 
winding  and  have  the  same  general  arrangement  and  materials  as  those 
illustrated  in  Figure  78  and  described  in  Section  V.B.l.  The  calculated 
terminal  voltage  and  current  combination  for  the  designs  are  0.69  volt- 
6290  amp,  and  0,7  volt-4863  amp,  respectively, 

b.  Pump  Requirement  Parameter  Range.  Performance  for  EM  pumps  designed 
for  various  ratings  over  the  study  range  (Table  14)  is  shown  in  Table  17, 
designs  11  through  26.  For  each  specific  pressure  flow  combination,  designs 
were  made  for  a  dc  conduction  pump  and  either  helical  or  annular,  or  both, 
induction  pumps.  For  most  ratings,  designs  were  made  for  more  than  one 
frequency.  Detailed  comparisons  of  performance  and  the  effect  of  changes  in 
ratings  are  best  derived  directly  from  Table  17.  As  expected,  designs  for 
larger  ratings  have  higher  efficiency  and  lower  specific  weight  than  those 
for  smaller  ratings.  Power  factor  varies  little  for  the  various  induction 
pump  designs  for  which  performance  is  tabulated. 

The  lowest  value  of  suction  pressure  specified  in  the  study  range  is 
20  psia.  At  1300  ^F ,  the  vapor  pressure  of  NaK  is  6.5  psi  and,  hence,  the 
suction  pressure  exceeds  the  vapor  pressure  by  13.5  psi,  or  44.3  ft.  Assuming 
that  the  velocity  head  at  the  duct  inlet  should  not  exceed  one  half  this  head, 
22.2  ft,  inlet  duct  velocity  is  limited  to  26.7  ft/sec.  Although  this  is 
somewhat  less  than  some  duct  velocities  listed  in  Table  17,  it  is  sufficiently 
close  that  the  duct  velocity  could  be  reduced  to  this  value  with  little  change 
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in  weight  and  performance.  As  illustrated  by  designs  3  25  and  26  the 

effect  of  changes  in  NaK  temperature  on  pump  performance  and  weight  over 
the  specified  study  range  is  slight.  Layouts  have  not  been  made  for  these 
designs.  In  general  arrangement  and  materials  choice,  pumps  for  these 
ratings  would  be  quite  similar  to  pumps  of  the  same  type  which  have  been 
illustrated  and  described. 

3.  Radiator  Coolant  Pump;  Lithium 


a.  Description  of  Pump  Designs,  Design  Point. 

1.  Helical  Induction  Pump.  Of  the  induction  pump  applications,  the 
helical  induction  pump  is  best  suited  to  the  design  point  pressure  flow 
combination  for  this  application.  Accordingly,  designs  1  through  4,  Table 
19,  are  helical  induction  pump  designs  for  100,  150,  200,  and  400  cps 
frequencies.  A  comparison  of  performance  characteristics  and  weight  for 
these  designs  shows  that  both  pump  weight  and  efficiency  decrease  with 
increasing  frequency.  On  a  weight  basis,  allowing  10  Ibs/kw,  the  100,  150, 
and  200  cps  designs  are  equivalent;  the  400  cps  design,  however,  because 
of  low  efficiency,  is  definitely  inferior.  Table  20  and  Figure  81  show 
the  distribution  of  losses  and  the  performance  characteristics  curves, 
respectively,  for  design  1,  Table  19.  A  layout  has  not  been  made  for  this 
design.  In  general  arrangement,  approximate  size,  and  materials  choice 
(except  the  duct  material),  it  is  very  similar  to  the  condensate  boost  pump 
illustrated  in  Figure  76 

The  duct  material  is  Cb-lZr.  Outer  and  inner  duct  cylinders  have  diameters 
of  2.65  in.  and  1.7  in.,  respectively.  Duct  wall  thicknesses  are  0.025  in., 
and  the  axial  thickness  of  the  members  separating  the  helical  flow  passages 
is  0.02  in.  The  two  flow  passages,  hydraulically  in  parallel,  are  square 
in  cross  section  with  a  side  width  of  0,44  in.  The  inner  core  and  the 
stator  assembly  are  similar  to  those  detailed  in  Section  V.B.l.  Various 
combinations  of  line  current  and  voltage,  consistent  with  the  power  input 
and  power  factor  indicated  for  design  1,. Table  19,  may  be  achieved  by 
proper  selection  of  the  turns  per  coil  and  the  winding  interconnection. 

Although  the  detailed  properties  of  the  electrical  insulation  will  impose 
some  restriction,  it  is  anticipated  that  line  voltages  up  to  100  volts  or 
so  may  be  used  without  incurring  a  significant  penalty  in  pump  weight  or 
performance. 

The  loss  distribution  is  given  in  Table  20.  The  principal  losses  occur 
in  the  stator  windings  and  as  resistive  loss  in  the  lithium.  Although  the 
duct  resistivity  is  quite  low,  duct  loss  has  been  kept  at  a  relatively  low 
value.  This  is  largely  attributable  to  the  low  resistivity  of  lithium. 

Potassium  or  NaK  pumps  with  columbium  ducts  would  tend  to  have  considerably 
higher  per  unit  duct  loss.  The  specified  suction  pressure  of  30  psia  is 
sufficient  to  avoid  cavitation  at  the  duct  velocities  used.  The  characteristics 
curves  shown  in  Figure  81  are  similar  to  those  discussed  in  Section  V.B.l. 
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TABLE  20.  POWER  DISTRIBUTION  FOR  RADIATOR  COOLANT  PUMP  (LITHIUM) 
(Design  Point;  Helical  Induction  Application;  100  cps)® 


Design  Point 

Data 

Item 

KW 

Percent 

Input 

Pump  Output 

0.27 

13 

Stator  Winding  Loss 

0.70 

33 

Secondary  (Fluid)  Loss 

0.65 

31 

Iron  Loss 

0.15 

7 

Duct  Wall  Loss  (0.025  in.) 

0.22 

11 

Stator  Can  Loss 

0.03 

1 

Hydraulic  Loss 

0.08 

_ 4 

Total  Power  Input 

2.10 

100 

^See  design  1,  Table  19. 
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2.  DC  Conduction  Pumps.  Design  5,  Table  19,  is  a  series  excited  dc 
conduction  pump  for  the  design  point  rating.  A  layout  has  not  been  made 
for  this  design,  but,  in  general  arrangement  and  materials  choices  (except 
the  duct  material,  which  is  Cb-lZr),  it  is  similar  to  the  design  described 
in  Section  V.B.l  and  illustrated  in  Figure  78.  The  calculated  terminal 
voltage  and  current  for  this  design  are  0.44  volt  and  4,086  amp. 

b.  Pump  Requirement  Parameter  Range.  Performance  for  EM  pumps  designed 
for  various  ratings  over  the  study  range  (Table  14)  is  shown  in  Table  19, 
designs  6  through  19.  For  each  specific  pressure  flow  combination,  designs 
were  made  for  a  dc  conduction  pump  and  either  helical  or  annular  induction 
pumps.  In  some  cases,  induction  pump  designs  were  made  for  more  than  one 
frequency.  For  the  configuration  combining  design  point  pressure  and 
maximum  flow  requirement,  annular  induction  pumps  were  designed  both  for 
a  straight-through  duct  configuration,  illustrated  in  Figure  79,  and,  since 
it  offers  several  attractive  features,  a  reverse  flow  configuration, 
illustrated  in  Figure  82.  This  latter  configuration  is  design  11,  Table  19. 
Perhaps  the  most  attractive  aspect  of  this  design  is  the  fact  that  the 
pump  duct  may  be  completely  isolated  from  pipe  reactions  transmitted  from 
the  radiator  coolant  loop,  thus  improving  reliability  and  simplifying 
loop  arrangement . 

Detailed  comparisons  of  performance  and  the  affect  of  changes  in  ratings 
are  best  made  directly  from  Table  19.  As  expected,  designs  for  larger 
ratings  have  higher  efficiency  and  lower  specific  weight  than  designs  for 
smaller  ratings.  Power  factor  varies  little  for  the  various  induction  pump 
designs.  The  lowest  value  of  suction  pressure  specified  is  20  psia.  This 
is  sufficient  to  avoid  cavitation  for  all  the  designs  tabulated.  As  indicated 
by  designs  3,  18,  and  19,  Table  19,  the  effect  of  lithium  temperature  on 
pump  performance  and  weight  over  the  specified  study  range  is  slight. 

Since  the  helical  induction,  annular  induction,  and  dc  conduction  pump 
designs  reported  in  this  section  are  similar  in  general  arrangement  and 
features  to  those  described  and  illustrated  in  preceding  sections  of  this 
report,  layouts  for  these  designs  have  not  been  made.  Figure  82  does  show 
the  annular  induction  pump  with  reverse  flow,  which  has  not  been  illustrated 
previously.  Except  for  the  reverse  flow  feature  and  the  Cb-lZr  duct,  this 
design  is  similar  in  arrangement  and  materials  choices  to  the  annular 
induction  pump  design  described  in  Section  V.B.2. 

4.  Primary  Coolant  Pump:  Lithium 

a.  Description  of  Pump  Designs,  Design  Point.  Designs  were  made  for 
flat  induction  pumps,  annular  induction  pumps,  single  phase  induction  pumps, 
and  dc  conduction  pumps  for  the  design  point  rating.  Performance  and  weight 
for  several  such  designs  are  indicated  in  Table  21,  designs  1  through  8. 

The  dc  conduction  pump  shows  both  the  highest  efficiency  and  the  lowest 
weight.  The  pump  output  power  for  this  application  is  greater  than  that 
for  the  other  applications,  hence  higher  efficiency  and  lower  specific  weight 
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TABLE  21.  CHARACTERISTICS  OF  SELECTED  EM  PUMP  DESIGNS 
IV  Thermionic  Primary  Coolant:  Lithium 


CO 

OJ 

<D 

r-H 

Xi 

nJ 

0 

0 

W 


to 

0 

s 

3 


+-> 

p. 

o 

* 


0 

0 

CO 


132 


Table  15 for  applicable  footnotes 


might  be  anticipated.  The  very  low  pressure,  6  psi,  required  for  the  study 
application  and  the  high  fluid  temperature,  1700  °F,  however,  prevent 
attaining  these  objectives. 

Flat  Linear  Induction  Pump.  Flat  induction  pumps,  with  all 
magnetic  parts  readily  accessible  for  cooling,  are  particularly  well  suited 
to  this  application  where  the  fluid  temperature  is  very  close  to  the  Curie 
point  of  the  available  magnetic  materials.  Designs  1,  2,  and  3,  Table  21, 
are  flat  induction  pumps  designed  for  50,  100,  and  200  cps,  respectively.’ 
Pump  weight  is  lowest  for  the  100  cps  design.  Pump  efficiency,  which 
decreases  with  increasing  frequency,  is  best  for  the  50  cps  design.  The 
best  combination  of  efficiency  and  weight  is  at  100  cps.  This  design  is 
illustrated  in  Figure  83.  The  power  distribution  is  shown  in  Table  22, 
and  the  performance  curves  are  shown  in  Figure  84. 

The  duct  is  Cb-^lZr.  The  duct  assembly  consists  of  a  pumping  section 
of  rectangular  cross  section,  measuring  approximately  0.75  in.  by  9  in.  by 
22  in.  long,  and  flow  transition  sections  are  offset  cones.  In  the  inlet 
transition  section,  flow  enters  at  the  circular  base  of  the  cone,  makes  a 
90^^  turn,  and  enters  the  pumping  section  through  an  opening  along  one  side 
of  the  cone.  The  outlet  transition  section  is  identical,  but,  with 
reversed  direction  of  flow.  Two  continuous  webs  connecting  the  flat 
surfaces  of  the  pumping  section  to  provide  axial  stiffness  are  illustrated. 
The  pump  duct  is  not  connected  mechanically  to  the  stator  assembly, 
although  duct  guides  are  shown  at  the  ends  to  limit  gross  displacements. 

Two  identical  stator  assemblies  and  structural  members  to  position  them 
relative  to  each  other  are  required.  Each  stator  assembly  comprises  a 
coolant  jacket  along  the  surface  farthest  from  the  duct,  the  stator 
laminations,  the  stator  winding,  and  a  sealed  metallic  envelope  to  maintain 
the  desired  dielectric  gas  in  the  winding  region.  Temperatures  of  stator 
laminations,  winding,  and  dielectric  gas  are  the  same  as  those  for  the 
induction  pump  designs  described  previously  and,  therefore,  material 
considerations  and  choices  are  the  same.  (See  Section  V.B.l  for  discussion 
of  these  materials  and  the  various  allowances  for  insulation,  etc.)  The 
stator  coils  have  three  turns,  each  turn  consisting  of  two  strands  of 
rectangular  wire,  0.082  in.  by  0.157  in.  in  cross  section.  Each  stator 
is  lap  wound,  two  coil  sides  per  slot.  The  winding  is  four  pole,  three 
phase,  three  slots  per  pole  per  phase.  With  a  wye  connection,  one  circuit 
per  phase,  line  voltage  and  current  at  the  design  point  are  183  volts  and 
88  amp.  This  voltage  current  combination  may  be  modified  by  changing  the 
number  of  turns  per  coil  and  the  winding  interconnection.  The  cooling 
arrangement  incorporates  rectangular  passages  in  the  stator  envelope  at 
the  back  of  the  laminations.  The  coolant  is  assumed  to  be  NaK  at  600  '’F. 

In  passing  through  the  cooling  passages  of  each  stator,  coolant  flow  of 
4  gpm  will  experience  a  temperature  rise  of  approximately  40  °F.  The 
metallic  envelope  enclosing  each  stator  includes  a  0,015  in.  thick  sheet 
passing  through  the  magnetic  gap  between  the  thermal  insulation  and  the 
stator  surface.  In  the  performance  calculations  it  is  assumed  that  this 
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TABLE  22.  POWER  DISTRIBUTION  FOR  PRIMARY  COOLANT  PUMP 
(Design  Point;  Flat  Induction  Application;  100  cps)^ 


Design 

Point  Data 

Item 

KW 

Percent 

Input 

Pump  Output 

1,68 

12 

Stator  Winding  Loss 

3.97 

28 

Secondary  (Fluid)  Loss 

5.64 

39 

Iron  Loss 

1.0 

7 

Duct  Wall  Loss  (0.025  in.) 

0.98 

7 

Stator  Can  Loss 

0.31 

2 

Hydraulic  Loss 

0.75 

_ 5 

Total  Power  Input 

14.33 

100 

^See  design  2,  Table  21. 
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material  is  austenitic  stainless  steel.  The  structural  members  holding  the 
stators  in  the  proper  relationship  are  I-beams  of  varying  depth.  Because 
the  duct  is  not  self-supporting,  the  load  produced  by  the  fluid  pressure 
acting  on  the  flat  duct  surfaces  is  transmitted  through  the  thermal  in¬ 
sulation  and  the  stator  lamination  assemblies  to  the  I-beams,  which,  there¬ 
fore,  must  be  quite  stiff. 

Thermal  insulation  of  the  type  described  in  Section  V.B.l  is  located 
between  the  duct  and  each  stator.  Spaces  0.15  in.  in  depth  are  allowed 
for  this  insulation.  This  accommodates  eleven  or  twelve  layers  of  metallic 
cloth  and  strip.  Those  layers  in  contact  with  the  duct  are  Cb-lZr;  the 
remaining  layers  may  be  Cb-lZr  or  austenitic  stainless  steel.  The  fluid 
velocity  in  the  duct  is  30  ft/sec,  the  design  point  suction  pressure  is 
10  psia,  and  the  vapor  pressure  of  lithium  at  the  design  point  temperature 
of  1700  is  approximately  0.3  psia.  Thus,  assuming  low  velocity  at  the 
pump  suction,  the  NPSH  corresponding  to  9.7  psi  is  50  ft.  The  velocity 
head  corresponding  to  30  ft/sec  is  14  ft;  hence,  the  NPSH  is  sufficient 
to  prevent  cavitation. 

Table  22  gives  the  loss  distribution  for  this  design.  The  principal 
losses  are  the  electrical  losses  in  the  lithium  and  in  the  stator  winding. 
The  duct  wall  loss  is  less  than  10%  of  the  power  input  and,  hence,  some 
increase  in  the  duct  wall  thickness,  which  is  assumed  to  be  0.025  in.,  can 
be  tolerated. 

2.  Annular  Induction  Pump.  For  the  primary  coolant  application,  the 
annular  induction  pump  shows  better  performance  and  weight  than  the  flat 
induction  pump.  The  lithium  temperature,  however,  is  sufficiently  high  to 
preclude  using  any  known  magnetic  core  material  without  cooling.  In  designs 
4  through  6,  Table  21,  it  was  assumed  that  the  core  would  be  cooled  to 
approximately  1200^F.  Accordingly,  space  was  provided  for  coolant  passages 
in  the  core,  and  a  radial  space  of  approximately  0.04  in.  was  provided  for 
thermal  insulation  between  the  duct  and  the  core.  No  layouts  of  this  region 
were  made,  however,  and  insufficient  study  has  been  made  to  substantiate  that 
the  core  can  be  adequately  cooled  in  designs  with  the  performance  indicated 
in  Table  21.  Of  annular  induction  pump  designs  4  through  6,  Table  21,  the 
50  cps  design,  line  4,  has  the  best  performance  and  weight  combination. 

Table  23  and  Figure  85  give  the  power  distribution  and  calculated  performance 
curves,  respectively,  for  this  design.  For  the  three  frequencies  considered, 
efficiency  decreases  with  increasing  frequency,  and  weight  is  a  minimum  at 
the  intermediate  frequency  of  100  cps. 

Layouts  have  not  been  made  for  these  designs.  Calculations  were  based 
on  using  Cb-lZr  of  0.025-in.  wall  thickness  for  the  duct,  thermal  insulation 
of  0.130-in.  thickness  between  the  duct  and  the  stator  can,  and  thermal 
insulation  of  0.040— in,  thickness  between  the  duct  and  the  core.  The  general 
arrangement  is  similar  to  that  illustrated  in  Figure  79.  In  design  4,  the 
mean  diameter  of  the  annular  duct  is  3  in.,  and  the  radial  height  is  0.88  in. 
The  length  of  the  pumping  section  is  30.2  in.  The  stator  slots  are  0.92  in. 
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Pump  Output 

Stator  Winding  Loss 
Secondary  (Fluid)  Loss 
Iron  Loss 

Duct  Wall  Loss  (0.025  in.) 
Stator  Can  Loss 
Hydraulic  Loss 
Total  Power  Input 


Design  Point 

Data 

KW 

Percent 

Input 

1.68 

16 

2.75 

27 

3.72 

36 

0.50 

5 

0.97 

9 

0.17 

2 

0.50 

5 

10.29 

100 
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deep,  and  the  winding  is  four  pole,  three  slots  per  phase  per  pole,  one 
coil  side  per  slot,  ten  turns  per  coil,  wye  connected,  one  circuit  per 
phase.  Line  voltage  and  current  at  the  design  point  are  140  volts  and 
217  amp,  respectively, 

3.  Single  Phase  Induction  Pump.  The  principle  of  operation  and  the 
general  arrangement  of  components  of  the  single  phase  induction  pump  are 
described  in  Section  III, A,  The  performance  prediction  procedure  is 
developed  in  Section  III.C.S.  Very  little  work  has  been  reported  on  pumps 
of  this  type,  and  the  arrangement  described  in  this  report  is  believed  to 
be  completely  new.  Since  there  is  no  experience  in  the  design,  fabrication, 
and  operation  of  these  pumps,  performance  prediction  and  arrangement  details 
are  less  certain  than  for  those  pumps  where  more  experience  is  available. 

Design  7,  Table  21,  is  a  single  phase  induction  pump  application  for  the 
design  point  rating.  Although  somewhat  inferior  to  the  best  designs  for 
pumps  of  other  types,  it  does  have  attractive  features  and  subsequent 
study  may  produce  a  better  design.  This  pump  is  designed  for  20  cps. 

The  pump  configuration,  illustrated  in  Figure  86„  comprises  a  duct 
assembly,  a  magnetic  core  assembly,  and  an  annular  winding.  The  duct 
material  is  Cb-lZr  with  a  wall  thickness  in  the  pumping  section  of  0.040  in. 

The  fluid  annulus  in  the  pumping  section  has  a  mean  diameter  of  5.43  in,, 
a  radial  depth  of  0.6  in,,  and  a  length  of  3  in.  The  fluid  velocity  is 
20  ft/sec.  The  flow  transition  from  pump  inlet  to  pumping  section  and 
from  pumping  section  to  pump  outlet  is  via  twelve  one-inch  pipes  equally 
distributed  circumferentially  around  the  pumping  section  annulus.  The 
header  at  each  end  of  the  pumping  section  constitutes  a  conducting  path 
linked  by  the  flux  in  the  pump  core.  It  carries  eddy  currents,  which 
oppose  the  m.m.f.  of  the  exciting  coil  and  create  undesirable  losses. 

To  reduce  these  losses,  insulating  baffles,  one  located  between  each  adjacent 
pair  of  transition  pipes,  are  shown  in  each  header.  The  magnetic  portion 
of  the  pump  consists  of  a  laminated  core  and  twelve  E-shaped  packages  of 
laminations.  The  planes  containing  the  principal  dimensions  of  the  laminations 
pass  through,  or  near,  the  axial  center  line  of  the  pump.  Figure  86  illustrates 
the  arrangement.  Cooling  the  magnetic  parts  is  necessary  and  may  be  accomplished 
with  cooling  coils  around  the  periphery  of  the  parts.  Cooling  coils  are  not 
shown  in  the  illustration.  The  exciting  winding  is  a  concentrated  annular 
coil  located  at  one  end  of  the  pumping  section.  The  conductor  is  copper  and 
is  formed  around  a  thin  walled  austenitic  stainless  steel  tube  through  which 
coolant  is  circulated. 

Space  for  thermal  insulation  was  not  allowed  in  the  performance  prediction 
calculations  for  design  7,  Table  21,  and  is  not  illustrated  in  Figure  86. 

Since  the  nonmagnetic  gap  in  the  pumping  section  is  0.68  in.,  space  may  be 
allowed  for  thermal  insulation  without  significantly  changing  indicated 
pump  performance. 
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4.  DC  Conduction  Pump.  Design  8,  Table  21,  is  a  series  excited 
compensated  dc  conduction  pump  for  the  design  point  rating.  This  pump 
design  has  a  combination  of  calculated  efficiency  and  weight  superior  to 
that  of  any  other  design  listed.  In  general  arrangement,  it  is  similar 
to  the  design  illustrated  in  Figure  78  except  that  the  series  winding 
has  one  turn  and  the  pump  is  compensated. 

The  duct  material  is  Cb-lZr  with  a  wall  thickness  of  0.025  in,  in  the 
pumping  section.  The  rectangular  pumping  section  is  2-in.  high  by  4-in. 
wide  by  2-in,  long.  The  flow  velocity  is  25  ft/sec.  To  limit  end 
fringing  current,  inlet  and  discharge  transition  regions  are  composed 
of  six  parallel  flow  passages,  A  0.1-in.  space  between  each  side  of  the 
duct  and  the  magnet  is  filled  with  thermal  insulation  of  the  metallic 
cloth  and  sheet  type.  Since  the  fluid  exceeds  the  upper  temperature 
limit  for  operation  of  available  magnetic  materials,  auxiliary  cooling 
of  the  magnet  is  necessary.  The  conductor  material  also  must  be  cooled. 

The  conductor  to  duct  joint  has  not  been  designed,  and,  since  the  calcu¬ 
lations  are  based  on  using  a  conductor  material  with  the  resistivity  of 
copper  at  1200  with  an  electrode  of  Cb-lZr,  some  depreciation  in 
performance  may  be  incurred  at  this  point. 

b.  Pump  Requirement  Parameter  Range.  Designs  9  through  22,  Table  21, 
are  conduction  and  induction  pump  designs  for  the  various  ratings  chosen 
in  the  specified  study  range  (Table  14).  For  each  pressure  flow  combination 
considered,  designs  were  made  for  a  dc  conduction  pump  and  for  either  flat 
or  annular,  or  both,  induction  pumps. 

Primarily  because  of  the  low  values  of  developed  pressure  specified, 
the  efficiency  of  most  of  the  designs  calculated  is  low.  Exceptions  are 
the  50  psi,  640  gpm  designs,  which  show  efficiencies  exceeding  22%.  The 
power  factor  of  the  induction  pumps  is  low,  and  it  is  less  for  annular 
than  for  flat  pumps. 

The  lowest  value  of  suction  pressure  specified  in  the  study  range  is 
5  psia.  At  2000  ^F,  the  vapor  pressure  of  lithium  is  2  psi.  Thus,  the 
NPSH  is  approximately  3  psi,  or  16  ft,  and  fluid  velocity  at  the  entrance 
to  the  pumping  section  should  be  limited  to  approximately  23  ft/sec. 

Tapering  the  duct  passages  at  the  entrance  to  the  pumping  section  will 
accomplish  this. 

Designs  2,  21,  and  22,  Table  21,  indicate  that  lithium  temperature 
alone  has  little  effect  on  pump  performance.  This  comparison  is  not 
completely  accurate,  however,  since  the  allowances  for  thermal  insulation 
were  constant  for  the  three  temperatures.  Compared  with  designs  for 
lithium  temperatures  of  1700  and  2000  OF,  at  a  lithium  temperature  of 
1200  ®F,  material  stress  capability  is  much  higher,  thermal  expansion 
is  significantly  reduced,  and  much  design  simplification  is  possible. 
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C.  Pump  Weight  Improvement 


It  has  been  observed  that,  in  EM  pumps  designed  on  a  consistent  basis, 
a  fairly  constant  correlation  exists  between  the  weight  of  the  various 
pumps  and  a  parameter  given  by  the  product  of  flow  rate,  developed  pressure, 
and  fluid  electrical  resistivity.  This  parameter  has  been  designated 
the  pump  capability  parameter.  In  Figure  87  the  ratio  of  pump  weight  to 
this  capability  parameter  is  plotted  against  the  capability  parameter  for 
thirteen  induction  pumps  designed  during  the  past  fifteen  years  and  for 
eight  designs  developed  during  the  course  of  this  study.  The  specific 
pump  ratings  shown  on  the  chart  are  indicated  in  Table  24.  Data  points 
1  through  13  represent  actual  pumps,  many  of  which  have  operated  tens  of 
thousands  of  hours  with  virtually  no  maintenance  and  with  outstanding 
reliability.  Data  points  a,  through  h  represent  designs  selected  from 
those  whose  characteristics  are  summarized  in  Tables  15  through  23. 

The  data  in  Figure  87  show  that  the  weight  of  EM  pumps  designed 
specifically  for  space  power  application  may  be  less  than  one  tenth  that 
of  EM  pumps  developed  for  conventional  applications.  This  weight  reduction 
has  been  achieved  by:  1)  Virtually  eliminating  the  pump  frame,  2)using 
somewhat  higher  current  and  flux  densities  in  the  active  parts  of  the  pump, 
and  3)  using  a  magnetic  flux  return  path  inside  the  pump  duct.  To  achieve 
low  weight  of  the  frame,  cylindrical  configurations  have  been  chosen  because 
they  provide  optimum  utilization  of  structural  material  for  pressure 
containment.  The  EM  pumps  used  in  the  Submarine  USS  Seawolf,  in  which  only 
22%  of  the  pump  weight  was  active  magnetic  or  conducting  material ,  illustrate 
the  potential  of  this  approach  to  weight  minimization.  Current  densities 
in  the  designs  proposed  for  space  applications  are  approximately  3300  to  5000 
amp/in.^  compared  with  2500  to  3500  amp/in,^  in  earlier  designs.  Because  of 
the  large  air  gaps  necessary  in  EM  pumps,  flux  densities  are  usually  low, 
particularly  in  high  temperature  helical  induction  pumps.  In  the  designs 
for  space  applications,  flux  densities  of  approximately  90,000  lines/in. 2, 
compared  with  flux  densities  of  approximately  40,000  lines/in. 2  in  earlier 
pumps,  are  used  in  the  magnetic  materials.  The  use  of  a  magnetic  core  in 
the  stator  bore,  when  compared  with  the  nonmagnetic  core  construction  in 
the  helical  pumps  presently  operative,  permits  substantial  reductions  in 
stator  conducting  and  magnetic  material. 

The  observed  correlation  of  pump  weight  with  pump  capability  parameter 
may  be  rationalized  in  the  following  manner.  In  a  particular  induction 
pumping  configuration  with  a  magnetic  field  of  fixed  peak  amplitude  moving 
at  a  fixed  synchronous  velocity,  a  conducting  fluid  passing  through  the 
pump  duct  at  a  fixed  velocity  less  than  that  of  the  moving  magnetic  field 
experiences  a  pressure  rise  inversely  proportional  to  its  electrical 
resistivity.  Accordingly,  since  the  flow  is  the  same  for  all  fluids  for 
the  assumed  conditions,  the  product  of  flow  rate,  pressure,  and  electrical 
resistivity  is  constant.  Thus  the  pumping  configuration  has  a  capability 
related  to  the  product  of  pressure,  flow  and  electrical  resistivity.  The 
weight  of  a  pump,  therefore,  is  a  function  of  the  parameter.  This  neglects 
significant  variables  such  as  fluid  temperature,  density,  and  viscosity. 

It  should  be  employed  carefully,  particularly  in 
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comparing  pumps  for  fluids  with  widely  different  characteristics  or  pumps 
designed  for  completely  different  applications  or  environments. 


D.  Weight  Evaluations  For  The  Selected  Pumps 

Consideration  of  the  several  pump  concepts  enumerated  and  discussed  in 
Section  III  for  applicability  to  space  power  systems  led  to  the  choice  of 
five  general  pump  types  for  more  detailed  design  study.  This  preliminary 
selection  was  based  on  quantitative  comparison  of  the  various  pump  concepts, 
emphasising  reliability.  Following  this  selection,  preliminary  designs  and 
performance  predictions  were  made  for  approximately  1000  pump  rating  com¬ 
binations  for  the  various  pump  applications  considered  in  this  study.  From 
these,  89  preliminary  designs  having  the  best  combination  of  performance 
and  weight  were  selected.  Descriptive  information  and  performance  for 
these  designs  are  summarized  in  Section  V.C. 

In  the  second  step  of  the  selection,  the  89  pump  designs  were  integrated  into 
the  space  power  plant,  applying  system  considerations,  weights  and  penalties 
presented  in  Section  IV.  This  second  selection  step  culminated  in  a  weight 
analysis  for  each  of  the  89  pump  designs.  This  weight  analysis  was  based  on 
the  weights  and  weight  penalties  listed  in  Table  13  and  the  pump  data  reported 
in  Tables  15  through  23.  The  results  of  this  analysis  are  given  in  Tables  25 
through  30.  Final  pump  choices  to  satisfy  the  six  study  applications  were  based 
on  minimum  evaluated  weight  as  indicated  in  the  columns  designated  Weight  Criteria. 
The  pumps  chosen  are  indicated  by  an  asterisk  in  the  column  designated  Pump 
Design  Number.  Pertinent  data  for  the  six  selections  are  summarized  in  Table  31. 
All  numbers  have  been  rounded  off  to  two  significant  figures. 

Inasmuch  as  the  pump  ratings  for  the  radiator  coolant  pumps  for  turboelectric 
and  thermionic  power  systems  were  identical,  separate  pump  designs  were  not 
required  for  the  two  systems.  Identical  pump  designs  when  integrated  into  the 
turboelectric  and  thermionic  power  systems  resulted  in  different  values,  hence 
separate  lists  appear  for  the  same  pumps  in  the  two  systems. 

Some  useful  generalizations  can  be  drawn  from  the  information  given  in 
Tables  25  through  30. 

1.  DC  conduction  pumps  permit  minimum  system  weight.  There 

is  some  indication  that  this  effect  is  reduced  as  pump  size 
increases . 

2.  Pump  specific  weight  decreases  with  increased  pump  output. 

Thus,  a  compromise  between  pumping  system  weight  and 
reliability  improvement  through  redundance  by  using  several 
small  pumps  in  parallel  must  be  made. 


-141- 


TABLE  25.  WEIGHT  ANALYSIS  FOR  SELECTED  EM  PUMP  DESIGNS 
I  Turboelectr.ic  Condensate  Boost  Pump:  Potassium 
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•a  0 


Hydraulic  power  developed  by  the  pump, 

^Input  to  the  pump  power  supply.  Includes  power  supply  losses. 
'See  Table  13. 


TABLE  26.  WEIGHT  ANALYSIS  FOR  SELECTED  EM  PUMP  DESIGNS 

II  Turboelectric  Radiator  Coolant  Pump;  NaK 


^Optimum  Design. 

See  Table  25  for  applicable  footnotes. 


TABLE  27.  WEIGHT  ANALYSIS  FOR  SELECTED  EM  PUMP  DESIGNS 

III  Turboelectric  Radiator  Coolant  Pump:  Lithium 
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Table  25  for  applicable  footnotes 


TABI£  28.  WEIGHT  ANALYSIS  FOR  SELECTED  EM  PUMP  DESIOiS 
IV  Thermionic  Primary  Coolant  Pump:  Lithium 
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Table  25  for  applicable  footnotes. 


table  29.  WEIOIT  ANALYSIS  FOR  SELECTED  EM  PUMP  DESIGNS 

V  Thermionic  Radiator  Coolant  Pump:  NaK 
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*Optimum  Design. 

See  Table  25  for  applicable  footnotes. 


TABLE  30.  WEIGHT  ANALYSIS  FOR  SELECTED  EM  PUMP  DESIGNS 

VI  Thermionic  Radiator  Coolant  Pump:  Lithium 


p  ^  ^ 

a 

p  .  ^ 

•H 

OJ  P  \ 

u 

1  ^  n 

0) 

U  43 

p 

Q)  .  p 

•H 

>  a 

u 

O  CO 

o 

p 

43 

p 

bD 

Vi  (fl 

P  •  43 

0  P  P 

■ 

Eh  ^ 

a]  m 

a*  a 

O  1-4 


XJ 

c  bo  >>a> 

d  -p 


(D  O  fj 

>  o  <u 
o  o 

Pi 


a  - 
s  •  u 
3  +>  43 

Pi  ^  rH 


ri  U  U 
-port 
o  >  > 

ctf  O  44 

<i>  Pi 


(1)  P  '0 

>  a  ^ 

O  fl  44 
Pi  M 


P 

0)  P  O 
>  P<  > 
O  P  44 
P4  P 


ooooooooooooooooooo 

co’^■^OlOooa)^Q^M<^icor^lO(X)lOlOcolOT^^ 

C5CQNCOH(MPrHrHP»HrHCQPPrHP(NC<l 


CO'^iOCV3PCOiOOOOOOLO^OOO'<^CD 

tD^«DOO'>^COCvlOOOPOO':iicqCV3(MPCDCD 

Ni— iCVIO^P  PPP 


lo^oioi'^rioo  miNiocoioP 

•  •  •  *1  .  I  .  .  O'!  .  I  .  I  .  .  I  .  . 

PrHC^lCO  IP  |?£)00py?  ic^  icac^ 


00’<^in(N00l>00OOOOO(MC£)CCiCJ5PlOtO 

(NCOCOlOCqppO(NCOCOP(MPiOtDI>COCO 


coa5oocDcoooc^xoot£)coopcocsi>'^i>a> 

COC^CslC<lPP  0^lOiOt^l>(M  iOtJICOOICvI 


OOOOOlOOl  ICOI  tOlOP 

•  •  •  •!  •INCP'^t^COI  •< 

C0C0^l>  iW  |PP(MP  1^00 


locvjcaiooo  CO  ot^ 

P  •  •  •CQ  •  •CSiCDlOlOb*  •  • 

pcy5a5tDpaioopppppi>ppppcy)05 


Tj<CX)ff)COCO'<3<lOtOOO 

. . 

C3(N(N'^(MPP00CJ5PP 


CO  CO 
P  P  CD 


O  M  O  P 

■o  m  Q  < 


cooocotDi>a^a^C5 

cjippT^fiinincoca 


CO  CO  O  CD  CJO 

P  P  00  -  (M  <N 

.  •  •  - - •  • 

o  o  o  o  o 


OmOppOmm 

OffiQWMQWW 


oqcO^lOCDtSOOC^OPCvlCO'Ct^iOCDt'OOO 


TABLE  31 .  EM  PUMPS  FOR  SIX  SPACE  POWER  APPLICATIONS 


>i  -P 

u  c 

kJ  ri 
S  >-< 
•H  O 
U  O 
flH  O 


0) 

a 

p!  cn 

a>  o 
-a  O 
C  CQ 

o 

o 


p 

0) 

W) 

c 

I  o  cMrHOO  ot}»o  m  oo 

•  .oomcooow  •  •OUl>C5  ‘COCDOCO 

>Kfj'-tCONOC^iHfHlOiHCOrH  D^NrHQOONtHCDrHrHW 

P 

00  + 

I  o  CD  •  o 

CO  iio  CD^OO  ^HC^O  lOO  OO 

iMricaom  •  .ooocNoooow  .oot^m  •cnoooo 

><;Z;r-lCDCaOlOr-ICaCOrHCOlO  C3tDHQCOt>OrHr-lrHrH 

nj 

u 


4J 

I  00l>0  OQJO  OOOO 

.OOOOCDO'cr>NOOt>i^C'lW  CVJOrf 

M^jrHCDCDiHrHrHtOCQrHrHO  Cr-HiHQOOiHrHCOrHCOrHrH 


I  o  _ 

M  O  (NrHOO  O 

iHM-HCMrHO  •  •oomcocowA 

HjTjpJ'-IOOCMOtNrHrHlOrHCOrH 


O  O 

CO  o  o  w  o  o 

•  OOOO  -^roo^N 

(NinCVlOWWCDrHrHOqrH 


p  _ 

CO  I  O  CD  (1)  O  O 

I  wo  CDtTOO  bflOOO  t^O  oo 

L_i|_iri<NOin  •  •ooocaoooofi  ^oootji  .cvicDOootH 

^^j^^y^CVlOlOrHCJCOr-lCOlO  rtlOlOWOt^Oi-HrHrHiHrH 

o 

D* 

0) 

u 

CO  O  Sooo  O  COOO  rH  OOO) 

ri-r  NOO  •  ‘OOCoOCDCoJ,  .OOOO  .00 

WffiWrHrHC0OC^l^CVlrrrH(N-HVcSitOD3CDC'aC0lO’^N<N00 


X3 


■p 

. 

P  -  .Q 

o 

O 

rH 

0 

ft 

gJ  •  iH 

iH 

•H 

gJ 

rO 

E 

,H  +J 

-p 

o 

P 

rH 

P 

ft  ^  o 

o 

•r^ 

0 

0 

ft 

p 

Pm 

in 

ft 

\ 

P  •  -P 

iH 

X3 

ctj 

o 

ft 

>> 

tfl 

0  0)^  o 

P 

\ 

. 

V 

Xi 

^  • 

'H 

0 

■p 

CO 

V) 

m 

+J 

rH 

rH 

0  CO  •  ‘H 

lO 

•j.- 

, 

• 

+J 

ft 

Xi 

P 

ft 

ri 

ft  ft  ‘H 

rH 

rH 

ft 

(A 

ft 

PXJ 

O 

rH 

>>  0 

O 

P 

ft  CO  P^ 

gJ 

B 

E 

Cft 

-p 

ft  0 

• 

rH  >  0 

+j 

0 

• 

P  B 

Ui 

CJ 

bD 

0 

ft 

0 

P 

P  bfi 

.s 

in 

ft  o  bD 

*» 

P 

ft 

Hp 

0  :3  rH  rH 

0 

•H 

•H 

E-i 

bO 

U 

o 

M  Cj 

% 

% 

» 

ft  ft  p 

. 

P 

ft  ft  iH  rH 

(H 

rH 

y) 

ft 

■p 

o" 

rH 

■P 

p 

o" 

• 

rH 

• 

<  < 

Xi 

0 

0^ 

TJ  XJ 

.1. 

u 

0)  - 

CO  4->  <H 

0 

ft 

-P 

rH 

U)  rH  1  1 

d 

41 

Q  O  -H 

a  3 

a  ^ 

e  H  p*4 

3 

A 


Pq  P*4 


0  0 
o  o 

Ph 


U  Pm  . 
Pm  ‘H 
'H 

w 


.  p 

p.  0 

CO  ^ 

o 

p. 


P  O  P  'H 
P.  >  Pm  W 
p 


■p 

>  p^  Eh  Ph  H 

o 


u 

0  Pm 


a  d 
E  +J 
P  o 


0  0 
>  > 
o  o 


I 

o 


p 

o 

•H 

p> 

a 

B 

u 

o 

p 

•H 

p 

bO 

•H 

cn 

0  . 

TJ  P 

o 

rH  *H 

CJ  -P 
P  O 
O  P 

•H  XJ 

■p  p 
•H  -H 

•o  u 

d  d 

r-H 

p  p 
O  P 
‘H  P 
d 

rH 

N  II 

XJ  M 

p  < 
d 

"  p 


II 

0 

0  M 

CO  ffi 

ClJ  ^  0 


'O  0 


-148- 


'Hydraulic  power  output  =  flow  gpm  x  developed  pressure  psi  x  4.35 
Voltage  below  300  volts  is  not  critical  to  pump  design. 

'pump  weight  -  power  output . 


3.  Pumping  systems  using  lithium  are  significantly  lighter 
than  those  using  NaK. 

4,  Minimum  pump  system  weight  is  not  necessarily  associated 
with  the  minimum  pump  weight. 

Interpolation  of  these  tables  is  possible  without  significant  loss  of  accuracy 
provided  extremes  in  flow,  pressure,  and  temperature  are  avoided. 

Since  system  weight  penalties  are  typically  comparable  to  pump  weight, 
and  since  system  weight  penalties  are  dominated  by  efficiency,  improvements 
in  pump  efficiency  should  receive  as  much  emphasis  as  improvement  in  pump 
weight.  The  pump  designs  for  which  performance  data  is  reported  here  are 
based  on  conservative  values  for  the  critical  quantities,  such  as  flux  density, 
current  density,  thermal  and  electrical  insulation  allowances,  etc.  It  is 
anticipated  that  detailed  designs  will  show  performance  at  least  as  good  as 
that  indicated  in  this  report. 

Some  improvement  in  system  weight  may  be  achieved  if  the  pumps  can  be 
designed  to  reject  winding  losses  to  the  pump  fluid.  Obviously,  this  requires 
a  winding  temperature  of  200  to  300  above  the  fluid  temperature,  which  is 
1200  F  for  all  applications  other  than  the  primary  coolant.  In  addition 
to  elimination  of  the  weight  penalty  associated  with  the  cooling  system,  this 
would  permit  elimination  of  the  thermal  insulation,  hence  some  performance 
improvement  due  to  the  consequent  reduction  in  the  length  of  the  nonmagnetic 
gap.  Some  additional  loss  due  to  the  increased  resistivity  of  the  conductor 
material  will  be  associated  with  such  an  arrangement.  Thus,  the  major  gain 
will  be  in  the  reduction  in  weight  penalties  for  cooling  and  improvement  in 
reliability  rather  than  reduced  pump  weight  or  higher  efficiency. 

In  conclusion,  the  results  of  this  study  show  that  electromagnetic  pumps 
are  a  good  choice  for  applications  in  the  alkali  metal  systems  of  large 
space  power  plants.  As  indicated  in  Section  V.C,  substantial  weight 
improvement  can  be  achieved  over  present  practice  within  existing  technology. 
The  greatest  asset  of  the  EM  pump  is  reliability  through  simplicity.  Within 
present  technology,  the  polyphase  induction  pump  will  best  insure  high 
reliability.  Other  features  especially  valuable  to  space  power  systems  are 
good  controllability  and  the  elimination  of  startup  problems  mentioned  in 
Section  IV.  Also  interesting  is  the  possibility  that  induction  pumps  can 
circumvent  the  cavitation  problems  discussed  in  Section  III.B.  Figure  88 
depicts  possible  flight  configurations  for  the  helical  and  the  annular 
induction  pumps. 
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a.  TXirboelectric  Power  Plant 


DC  Power 


b.  Thermionic  Power  Plant 


Figure  1.  Nuclear  Space  Electric  Power  Plants  Schematic  Diagrams. 
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Figure  4.  Tangential  Flow  Annular  Duct 


Section  A-A 


Figure  5  .  Helical  Flow  Annular  Duct 


Figure  7,  Tangential  Flow  Disc 


Figure  9  •  Conduction  EM  Pump. 
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Figure  11-  Compensated  Conduction  EM  Pump. 


-172- 


Figure  13.  Flux  Fringing  Conduction  Pump  Duct. 
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Figure  1 4.  Eddy  Current  and  Flux  Density;  Single  Phase  AC  Conduction  Pump 
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Figure  15.  Eddy  Current  and  Flux  Density;  Single  Phase  3 
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Flow 


Figure  17.  Annular  Duct,  Single  Phase,  Induction  Pump,  Type  B 
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Figure  18.  Flat  Linear  Induction  Pump. 
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Figure  19.  Field  and  Current  Relationships  in  Flat  Linear  Induction  Pump. 
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Duct  Specific  Power,  w,  Watts/in 
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Figure  29.  Duct  Specific  Power  Vs.  Slip  for  Various  Power 
Input  Frequencies, 
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Hartmann  No. ,  Nu  ,  Laminar  Flow 
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Figure  32.  Friction  Factor,  Flow  of  Conducting  Fluid  in  a  Magnetic  Field 
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Figure  34.  Cavitation  Parameter  Vs.  Flow  Flat  Induction  Pump.  (From  Ref.  2S) 
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Figure  35.  EM  Pump  Classification. 
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Figure  37  . 


DC  Conduction  Pump  Equivalent  Circuit 


Figure  43^  Single  Phase  Indue 


Figure  44,  Schematic  Single  Phase  Induction  Pump 


Viscosity,  \1  ,  Ib/ft/hr 


1.5 


1.4 

1.3 

1.2 

1.1 

1.0 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 


Figure  47 , 
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Figure  48,  Vapor  Pressure  of  Alkali  Metal  Working  Fluids 
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Figure  49.  Electrical  Resistivity  of  Duct  Materials:  Variation  with  Temperature. 
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Stress,  1000  psi 
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Figure  52.  Modulus  of  Elasticity  of  Duct  Materials. 
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Figure  54.  Variation  of  Important  Properties  of  Iron-Silicon 
Alloys  with  Composition  (Ref.  66). 
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Figure  55.  Saturation  Induction  Isotherms  Iron-Cobalt  Alloys  (Ref ,  67  )  . 
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Figure  57.  Normal  Magnetization  Curves  for  Selected  Iron  Alloys 
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Thermal  Conductivity,  Watts/in .-°F/in . 


Mo  (Ref.  59)  5.  Al,  SAP:  Sintered  A1  Powder  (Ref.  92) 

BeO  Dispersion  Hardened  Cu ,  UTS  (Ref.  90)  6.  Cu-0,1  Ag  (Ref.  93) 

Amzirk:  Cu-0.15Zr,  84%  CW ,  842°  Paged  (Ref.  89)  7.  99+%  Al ,  1/2  Hard  (Ref.  94) 

Be,  8-in.  Wire  (Ref.  91) 


Yield  Strength,  1,000  psi 
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Figure  61.  Yield  Strength,  0.2%  Offset,  of  Typical  Conductor  Materials 
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Figure  62.  Creep  and  Rupture  Strengths  of  Selected  Conductor 
Materials. 
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Sylvania:  20%  Ni  Clad  Ag  (1500°F)  6  Phelps  Dodge:  28%  Ni  Clad  Cu  (930°F) 

Sylvania:  20%  Ni  Clad  Ag  (1400°F)  7  Sylvania:  28%  Ni  Clad  Cu  (930°F) 

Sylvania:  20%  Ni  Clad  Ag  (1200°F)  8  Phelps  Dodge:  28%  SS  Clad  Cu  (1300°F) 

Phelps  Dodge:  28%  Inconel  Clad  Cu  (1300°F)  9  Sylvania:  28%  SS  Clad  Cu  (1300°F) 
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Figure  63.  Conductor  Resistivity  Change  with  Time  at  Temperature. 
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Figure  65.  Cycloconverter  Type  Frequency  Converter  (Controlled  Rectifier 
Triggering  Circuits  Not  Shown) , 
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Sp.  Wt,,  Ibs/kva  Efficiency, 


Capacity,  kva 

Figure  68.  Specific  Weight  and  Efficiency  of  High  Temperature,  3-Phase  Trans¬ 
formers  Vs,  Capacity. 
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Figure  71 


Electromagnetic  Weight  and  Efficiency  of  500  KW  Inductor 
Alternator  Designs  Vs,  Machine  Power  Factor. 
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System 


Figure  76.  Helical  Induction  Pump:  Center  Return. 


Condensate  Boost  Application 
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Figure  77.  Performance  of  Helical  Induction  EM  Pump 
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Figure  79.  Annular  Induction 


Radiator  Coolant  Application:  NaK 
Rating:  6  Ibs/sec,  25  psi,  1200OF 
NaK  3-Phase,  200  cps, 

13.5  kva,  12%  Eff . 
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Figure  80,  Performance  Annular  Induction  Pump 
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Figure  81,  Performance  Helical  Induction  EM  Pump 
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Figure  83,  Flat  Linear  Induction 


Figure  84.  Performance  Flat  Induction 


Coolant  Application 
40  Ibs/sec,  6  psi,  1700®F 
Lithium  3  Phase,  50  cps, 
26.5  kva,  16%  Eff . 


Figure  85,  Performance  Annular  Induction 
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Figure  88,  Induction  Pumps  for  Flight  Applications. 
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